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I am weary of your quarrels, 
Weary of your wars and bloodshed, 
Weary of your prayers for vengeance, 
Of your wranglings and dissensions; 
All your strength is in your union, 
All your danger is in discord; 
Therefore be at peace henceforward, 
And as brothers live together. 
—Henry Wadsworth Longfellow 
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Foreword 


I first met Vilmos Csanyi at one of the early “Fuschi Conversations” 
of the international systems community. Much impressed by his con- 
tributions to our discussions, I began to study his research findings on 
evolutionary theory and read his book on a General Theory of Evolu- 
tion. The more I learned about his scholarship, the more convinced I 
became that what he had accomplished in his many years of contri- 
butions to evolutionary science should be brought to the attention of 
the broadest possible audience. I suggested to Vilmos that he should 
develop a comprehensive exposition of his research findings for pub- 
lication. He accepted my suggestions, completed his new manuscript, 
and Duke University Press is now publishing his work. 

As a researcher in systems science and societal evolution and as 
a practitioner in the application of systems ideas and evolutionary 
theory in societal systems, I have found this book well grounded in 
systems theory. It offers new insights, much novelty, and exceptional 
power of reasoning in explaining general evolutionary theory as well 
as societal evolution. 

What is of particular significance to the reader is the hopeful vision 
that Professor Csanyi is projecting for the purposeful evolution of the 
global human society. I am convinced that readers will not only be 
enlightened by the ideas presented in this work but also inspired by 
the vision set forth in the book. 

Béla H. Banathy 
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Preface 


I have been studying evolutionary systems since the middle of the 
1970s. Results of this work were published first in Hungarian (Csanyi 
1978, 1979) and later in English (Csanyi 1980, 1981, 1982) as a general 
theory of evolution. I sought to formulate the mechanisms and laws 
of biological evolution within a general framework so as to search out 
and characterize analogies at the higher levels of biosocial organiza- 
tion. 

The laws of a general evolutionary process inherent in Nature were 
first formulated by Spencer (1862), but a favorable intellectual and 
spiritual environment for such a theory, encompassing both natural 
and social sciences, seemed to develop only in the past few years. 

With regard to its main tenets this second version of my general 
theory of evolution is identical with the first, but it has been ex- 
tended to include new results, which were born during the refinement 
of some of its concepts and our further, recently published theoretical 
work (Csanyi 1985, 1987a, 1987b; Csanyi and Kampis 1985; Kampis 
and Csanyi 1985, 1987a, 1987b, 1987c). The most important devel- 
opment is that I have attempted to fit my study of evolutionary pro- 
cesses into the framework of the General Systems Theory developed 
by Bertalanffy and others (Bertalanffy 1968). This, I believe, makes a 
more exact and rigorous formulation possible. 

In the first chapter I deal with some system-theoretical problems 
that are necessary for the study of evolution, such as the definition of 
system, model, organization, information, etc., without attempting a 
comprehensive treatment. I also introduce the model of autogenesis 
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that serves as a tool to describe real evolutionary systems. In later 
chapters the origin of life and molecular, organismic, ecological, and 
sociocultural evolution are treated. In the last chapter I try to survey 
some possible practical uses of the theory. 

There are three appendixes that serve to clarify some important 
general questions regarding evolutionary theory. Appendix 3 is the 
work of my friend and coworker, Gyorgy Kampis. 


| Theoretical Problems of Modeling 
the Biosocial System 


System and model 


The only undisputed concept in Systems Science is probably that the 
Universe is the totality of reality. This concept has two equivocal 
meanings, namely, “that which is out there” and the concept itself 
created by our minds. “Out there” can be dealt with only through our 
conceptual means, and this dichotomy cannot be argued away by any 
sophisticated philosophy. Therefore, the definitions that follow serve 
only as practical tools. 

Real beings “out there” are called natural entities if criteria can be 
found to distinguish them from other entities, which are frequently 
called their environment. An entity can be a star, a mountain, an 
atom, an organism, or many other things. Nevertheless, the classifi- 
cation of an entity, more or less independently from our criteria, is 
always a subjective process. An entity can be called a system if it em- 
bodies a finite set of subentities, named components, and if there are 
interconnections among these components by which it is possible to 
distinguish this entity from others, i.e., from the environment. Sys- 
tem and component mutually determine each other. The component 
as an individuum is determined by its interactions and does not exist 
per se. The component’s individual existence is achieved by the exis- 
tence of the system; nevertheless, the system itself emerges by the 
sum of the interactions of its own components. 

It follows from the above that a natural entity is called a natu- 
ral system if it can be distinguished from its environment by crite- 
ria based on the interconnections of its components. Of course, this 
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definition does not exclude interconnections between a natural sys- 
tem and its environment. Examples of natural systems are volcanoes, 
rivers, cells, organisms, ecosystems, and human societies. 

Human (and, in general, animal) knowledge-gaining processes 
always are based on the use of systems models (Csanyi 1985c). A 
model by systems-theoretical definition is always a simpler system 
that simulates a more complex system in certain aspects of its behav- 
ior (Mesarovic 1964). The model’s components and their interconnec- 
tions reflect the components and interactions of the complex system. 
Therefore, the process of model construction is always a kind of iden- 
tification between the complex system and its model in which simpli- 
fication is inherently unavoidable. (A model is used by being operated 
and accordingly leads us to predict the behavior of the modeled com- 
plex system.) 

The framework of thinking in the natural sciences is based on 
the use of such models. Reality is the totality of enormously com- 
plex, mutually interconnected processes. Scientific research attempts 
to separate and isolate phenomena and effects. It searches for the 
simplest connections that can be used to describe and represent the 
phenomenon under investigation. Science makes simple models that 
reflect only a part of reality but that make thinking about reality 
possible. A model fulfills its role if, even only in a humble way, it is 
suitable for practical predictions. 

Newton in his famous “laws” did not explain the nature of physi- 
cal forces; he only made a dynamic model of them, and based on 
this model he predicted some properties of moving bodies. It is well 
known that these predictions are more or less valid in a large domain 
of reality with well-recognized boundaries, yet we still do not know 
what a physical force is. Newton’s laws are not explanations in the 
absolute sense of the word; they are only models suitable for pre- 
dictions within limits. If we turn to the history of natural sciences, 
we see that the specific constructions of scientific models are always 
occasional. A model’s value is judged by its practical use. There are 
no philosophical or other criteria that help us select a model before 
its application (Lakatos 1976). 

The more complex a natural system, the more difficult it is to 
construct a model of high predictive capability. Usually, mathemati- 
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cal models are most appreciated because of their unambiguous logic, 
relative structural simplicity and compactness, and well-developed 
deductive verifiability. Nevertheless, these elegant tools have some 
inherent drawbacks. They are not flexible enough, are often not suit- 
able for describing truly complex phenomena, and are not creative 
in a broad sense. Therefore, the first step of model-building should 
always be the construction of an intuitive model, which by its na- 
ture is able to embody ambiguities, contradictions, and descriptions 
on different levels. An intuitive model thus may reflect a sufficiently 
complex part of reality and at the same time allow the possibility of 
a further, more rigorous mathematical treatment. 

Theories of enormous influence, such as the theory of atoms in 
physics or Darwin’s theory of evolution, were nonmathematical, and 
their impact has far exceeded those occasional mathematical con- 
structions that appeared later and covered only particular aspects of 
the theories. It also is well known that logico-mathematical theo- 
ries are tautological in the sense that they are derived analytically 
from a set of axioms, and therefore they are unsuitable for proving 
the validity of an intuitive theory. In many cases the bright armor 
of mathematics only helps to delay the recognition of inherent weak- 
nesses in an intuitive theory. This does not mean that mathematical 
models are useless in science, particularly in biology; I wish only to 
emphasize the basic primacy of intuitive models relative to mathe- 
matical models, which are only auxiliary tools not able to surpass the 
former. The takeover of quantum mechanics in physics was not due 
to the mathematical models developed inside the realm of Newtonian 
physics but to intuitive ideas. 

The biosphere of Earth, including human society, can be viewed 
as a single natural entity. If we accept this as a working hypothesis, 
we may attempt to examine whether this entity is a system, and to 
what extent. To answer this question we have to use concepts such 
as identity, organization, component, function, etc. Most of these 
terms have been defined and discussed in previous research and the 
autogenetic model of the biosocial system also has been described 
(Csanyi 1985; Csanyi and Kampis 1985). In these articles compari- 
sons were made between the autogenetic model and the theory of 
autopoiesis (Maturana and Varela 1980; Varela et al. 1974) and also 


4 Evolutionary systems and society 


with the theory of the process of life (Haukioja 1982). Here I will not 
discuss the problems of comparisons again, but concepts essential to 
the autogenetic model are given. 


System, components, identity 


The first question is whether the biosocial entity (living beings 
together with human societies) can be considered as a unity, and 
whether or not this unity is a system. 

Let us begin with the simplest facts. Components of the biosocial 
entity are organisms, i.e., humans, plants, animals, microbes, etc., 
and the artifacts made by man. What makes these things components 
is their almost innumerable interactions. Many branches of biology 
deal with the interactions among organisms, so we do not have to 
go into detail here. Humans are organisms, too; they are unable to 
live without interactions with other biological components (feeding, 
digestion, breathing, etc.). 

It also is evident that humans and their artifacts are continuously 
interacting. Moreover, interactions among man-made artifacts and 
nonhuman organisms are increasingly revealed in the development of 
agriculture and the understanding of pollution and processes of envi- 
ronmental protection. Large energy and material cycles that inter- 
connect human societies with the whole biosphere can be detected; 
therefore, the organizational unity of the biosocial system also can 
be recognized. 

The biosocial entity can be regarded as a system if we base this 
classification on the interactions of components as a minimal require- 
ment of a system. The concepts of components and system are mutu- 
ally presupposed. We also can assume that the biosocial system is 
individual because its network of components does not seem to be 
part of another similar entity. 

The question of the identity and boundaries of this system is more 
problematic. If we regard the interactions of components as a minimal 
system criterion, it is easy to see that the system is underdefined. 
Are the rocks of the planet’s surface components? A great many of 
them are not interacting with the other components named so far. 
We tend to regard them as environment (entities separable from the 
system). But if we think of the small pebbles swallowed by various 
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birds to help their digestion of hard seeds, then we have to regard 
these pebbles as components. Similarly, limestone originates from the 
cytoskeleton of unicellular organisms that lived in an earlier period, 
and the limestone on the Earth’s surface can readily join the material 
cycles of the biosphere; therefore, it is best to consider limestone as 
a component. On the other hand, the metals used by man originate 
from ores. Are the ores simply part of the environment, or do they 
become artifacts (components) during mining? And if they do become 
components, at what point does this occur? 

I do not think it is possible to construct a model that is capable 
of fulfilling all rigorous system criteria because not only the system’s 
physical but temporal boundaries are problematic. If we consider 
time too short—some minutes or years, for example—then many 
interactions may remain undetected. If we take a period too long 
—millions or billions of years—then we must consider enormous 
changes of the system’s component composition, and these changes 
may cause the alteration of the system’s identity. 

If we define genealogical descent from generation to generation as 
interaction (see Ghiselin 1981 for clever ideas about this question), 
then the 3.5 billion-year-old biosphere can be considered a single en- 
tity, i.e., a single unity or system. 

Identity can be defined by various criteria. We may consider the 
identity of a system according to the nature of its components and 
their interactions within a given time, but we also may include de- 
scent as a criterium, and then we might ignore qualitative changes of 
the components. In studying the ontogenesis of organisms we usually 
apply this latter criterium of identity. We regard the zygote, the em- 
bryo, and the full-fledged adult as a single identical organism, and we 
consider the obvious changes in the composition of its components as 
a preprogrammed development of the system. 

Defining the boundary of the system also is not at all trivial, espe- 
cially if we want to define organizational boundaries instead of topo- 
logical ones. A cell is a system in itself, but it may belong to an 
organism that is also a system but belonging to an ecosystem, etc. 

From a practical point of view it is not vital to have a system defi- 
nition that fulfills all possible criteria. I find it more reasonable to 
accept that any system definition is a conceptual construction that 
can be evaluated by its practical uses. It is quite possible that the 
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concepts of the “biosphere” or the “biosocial system” are not exact 
enough, but everyone knows their meaning. Quite frequently we give 
a system definition based on characteristics that are considered im- 
portant only to find out later that it is unsuitable for studying certain 
problems. Then, of course, new definitions have to be created. To give 
an a priori final definition is theoretically impossible. If we consider 
only topological boundaries, we may face fewer problems. Let us con- 
sider, as a system, the physical space defined by the spherical shell 
(and the matter it includes) extending to a hundred kilometers below 
the surface of Earth and a thousand kilometers above it. All compo- 
nents of the biosocial system can be found in this physical space, and 
also many entities—atoms, molecules, etc.—that do not participate 
in any interconnections of importance for us. This is the price we 
have to pay for a topological definition instead of an organizational 
one. This topological definition is exact enough, taking into account 
the physical space and the elementary building units of the compo- 
nents (atoms), but it misses the organizational criteria of the system. 
I think it is better to use a loose, intuitive system definition if it is 
nice and simple and suitable for some kind of prediction. 

I will not deal here with the classification of systems because in the 
next chapters I want to study only the biosocial system. 


Structure, organization, organizational levels 


It is characteristic of the biosocial system’s structures that in the 
course of time they are assembled and decomposed. The processes of 
their assembly or production and decomposition represent the net- 
work of their interactions, which is the organization of the system. 

Structure is the actual space-time relationship of the system’s com- 
ponents. The same organization may appear in different structures, 
e.g., different physical configurations and different physical manifes- 
tations. Within certain limits the quantitative changes of the compo- 
nents will be considered as a structural change that does not influence 
the system’s organization. For example, changes in the number of 
molecules of a given protein with a special function in a cell (e.g., 
enzyme induction) are structural changes that do not affect the cell’s 
organization. On the other hand, it is an organizational feature that 
the cell is capable of producing this particular protein at all. 
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The major focus of this book is the assumption that replication 
is the type of organization that characterizes the biosocial system. 
Looking at the system’s various components such as cells, organ- 
isms, artifacts, etc., it can be shown that these entities exist by self- 
maintenance, that is, by the continuous renewal of their own sub- 
components. 

The cell, for example, can be considered as a functionally closed 
network of molecule-producing processes that continually produces 
the same network of components and processes. The same is true 
for organisms or ecosystems. These entities also have a special kind 
of self-maintaining or “self-producing” ability, the essence of which 
is the continuous renewal of their components. Beyond self-main- 
tenance is reproduction, the other characteristic trait of these enti- 
ties. Production of the same subcomponents by a functionally closed 
network of processes is also the basic mechanism of reproduction. 
Therefore, as far as organization is concerned, self-production and 
reproduction belong in the same category. Furthermore, by analyzing 
self-production and reproduction, it can be shown that the principal 
mechanism in both cases is copying, that is, replication. 

Replication is generally considered a synonym for copying, where a 
constructor produces a copy (replica) of a component or a given sys- 
tem. To do so, the constructor needs a description as the information 
necessary for this copying process. In the case of self-replication the 
total information of the constructor itself is necessary in some form. 
The essence of replication is functional operation, regardless of the 
particular mechanisms of information storage and retrieval. It does 
not matter whether this information is stored separately (as in the 
case of DNA) or is distributed throughout the entire system. It also 
does not matter whether a separate object (component) is copied or 
the constructor itself; the fact of copying lies in the functional orga- 
nization, not in the particular mechanisms. Based on this argument 
about self-production and reproduction, the concept of replication 
will be used in two senses. 

We define temporal replication as the continuous renewal of the sys- 
tem in time. This is the uninterrupted existence of the system, which 
is manifested by means of the sequential and functional renewal of 
the system components. The components are assembled and decom- 
posed, but the extent to which assembly and decomposition take 
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place is always sufficient to maintain the unity and identity of the 
system and its organization. 

The definition of spatial replication is identical to that of reproduc- 
tion. The system produces its own replica, which becomes separated 
from it in space. From one system or unit two units are formed. Spa- 
tial replication also proceeds by copying the system’s components as 
in the case of replication in time, but in double numbers, while the 
original organization of the system remains unchanged. 

The biosocial system is characterized by the fact that its function- 
ally more or less closed replicative network embodies various repli- 
cative subnetworks; its components embody various subcomponents. 
Thus organizational levels are created. An organism, for example, is 
a more or less autonomous network of components and component- 
producing processes that are replicating in time, i.e., the organism 
is a component system. As a unity it also is a component of higher 
organizational levels, such as ecosystems or the whole biosphere. 
The components of the organism are the cells, which themselves 
are autonomous replicative networks of molecules—components of 
a lower level of organization. Molecules are regarded as the compo- 
nents of the lowest level of organization, and atoms are the elemen- 
tary building units of the biosocial system. 

Exact definition of the higher organizational levels is more difficult 
and will be treated in detail later. It is only mentioned in advance 
here that on Earth the biosocial complex is regarded as the highest 
level of organization and that the biosocial system is regarded as an 
open physical system existing in a continuous energy flow. The laws 
of the thermodynamics of open systems are valid, and their effect on 
the organization of this system is readily recognizable. 


Information, function 


Previously both biology and the social sciences have been dominated 
by open or concealed vitalistic ideas, maintaining that there were par- 
ticular laws governing biological or societal processes and that these 
laws were different in principle from the laws of physics and chemis- 
try. Because of the many apparent weaknesses of vitalistic ideas, after 
a long and bitter fight a reductionist view has gained supremacy, at 
least in biology. According to this reductionist philosophy, all phe- 
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nomena of biological or social systems can be explained by unified 
principles and ultimately reduced to chemical mechanisms in spite of 
their obvious hierarchical organization (Crick 1967). The spectacular 
boom of molecular biology was regarded as proof of the reductionist 
view. 

Without diminishing the achievements of molecular biology, this 
proof can be questioned. Recently disputed problems of the Dar- 
winian theory of evolution are rooted exactly in the problem of re- 
duction. The simple explanation of the origin of species by nucleotide 
changes and selection has proved insufficient. The reductionist stand- 
point is more and more criticized. Besides mutation and selection 
at the individual level, the random origin of species and particular 
mechanisms of species selection are assumed (Gould 1980), which 
cannot be reduced to a molecular level. This agrees with Stanley 
(1975), who emphasized that decoupling the process of microevolu- 
tion (changes of the genetic architecture of populations) from macro- 
evolution (origin of species) is unavoidable. Reductionism also has 
failed in the behavioral sciences in that the interpretation of acquired 
information (learning, culture) also seems to be bound to a higher 
level of organization (Plotkin and Odling-Smee 1981). 

The antireductionist viewpoint was articulated most clearly by 
Polanyi (1968), who wrote that “Mechanisms, whether man-made 
or morphological, are boundary conditions harnessing the laws of 
inanimate nature, being themselves irreducible to those laws. The 
pattern of organic bases in DNA, which functions as a genetic code, 
is a boundary condition irreducible to physics and chemistry. Fur- 
ther controlling principles of life may be presented as a hierarchy of 
boundary conditions extending, in the case of man, to consciousness 
and responsibility.” This line of thought was elaborated in detail, in- 
corporating newer results, by others (Pattee 1965, Rosen 1977, Primas 
1977, Kampis 1986a, b, c). 

In my opinion, the interrelationships of components within the 
various organizational levels, which we may call algorithms, are spe- 
cific only at a given level. In a general model, in which all organi- 
zational levels are embodied, all effects computed by the algorithms 
of the lower levels lead to random events in the event-space of the 
higher levels. The algorithms of the higher levels represent specific 
nonlogical constraints at the lower levels. This is clearly not a vitalis- 
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tic standpoint, but from it follows the conclusion that models of the 
biological and societal systems are different in principle from models 
constructed for understanding the physical world. 

A simple example illustrates what I have just said. A combustion 
engine can use part of the free energy produced by the chemical re- 
actions of the process for a given task determined by its designer. 
Combustion enhances the kinetic energy of the gas mixture’s mole- 
cules, and this kinetic energy is used by the machine. We know the 
nature of molecular kinetic energy, and with the equations of mo- 
lecular kinetics we can, in principle, predict events in this molecular 
space. Nevertheless, we cannot use these equations to predict the con- 
vertible useful portion of the total free energy of combustion, aside 
from the thermodynamic boundary as a maximal limit. We cannot 
use these equations or any other physical laws for designing a final 
perfect engine. 

The engine’s structure, the shape and size of its parts and their 
arrangement, all are special boundary conditions that represent non- 
holonomic constraints on the level of molecular kinetics (Pattee 1977). 
Therefore, the combustion engine’s design is an empirical science. 
Various designs are tried, and those that work best are used. We 
cannot calculate the perfect design from the kinetic equations. An 
engine’s structure is in principle the description of its special con- 
straints. 

The space of the combustion reactions is bounded with metal walls, 
of which one (the piston) is movable and serves to transmit power. 
But the description of this structure is not based on the kinetics of 
the molecules; it is not reducible to kinetics. The combustion engine 
must be described on two different levels. The lower level includes the 
kinetic equations of gas molecules, while the upper level includes the 
description of the specific constraints that originate from the engine’s 
design. The working of the engine can be understood only by having 
both descriptions. 

It is the same with a cell or a higher organism. At the molecu- 
lar level these systems can be described by physical and chemical 
equations. But these equations do not show the constraints existing 
on higher levels; they do not show which structures constitute the 
boundary conditions for those physical and chemical laws. 

This, of course, is not a denial of the causality principle—that 
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the phenomena of the higher levels can be traced down to the lower 
levels as a causal chain of events. But an explanation based merely on 
causation is not comprehensive because it fails to describe the specific 
constraints existing on the higher level. 

Here is another example. | look around in a shop and see an in- 
teresting article, which | pick up and examine. During this brief se- 
quence of actions my organism goes through an enormously complex 
chain of events: processes of the nervous system, muscle contraction, 
movement of body parts, etc. Chemical and physical processes behind 
these events can be exactly understood and described, at least in prin- 
ciple. Chemical processes of the retinal membrane of my eyes, chemi- 
cal processes of the nerve cells in my brain, etc., can all be described, 
and the causal chain behind my action can be traced. Nevertheless, 
this causal chain cannot explain many other features of these events. 
For example, why did that article catch my attention? Chemical and 
physical laws will not help find an answer to this very important ques- 
tion. But to answer it is very easy: all you have to do is ask me. The 
answer, of course, will not use the language of chemistry or physics; 
but it will use the special language of a higher organizational level— 
in this case the language of the psyche. Constraints at the psychical 
level cannot be reconstructed on the basis of description of a lower 
level. 

The reductionist standpoint can be blamed most for its inability to 
use the concept of function, which is the most important concept in 
biology. The common and primary meaning of function is role, ef- 
fect, transformation rule. In the component system the function is 
the effect or role of the action of components on the system’s next 
higher level. Function can be determined from “above” as constraints 
exerted by processes at the higher level in the event-space of the lower 
level. The nucleotide triplets of DNA, for example, have a function: 
they direct amino acids into protein structures. A given nucleotide 
sequence responsible for a protein structure is not a chemically par- 
ticular set at all. The DNA sequence is not determined by the laws 
of the chemical affinity but by the function of the encoded protein. 
Chemical affinity is only harnessed by this function in the same sense 
as Polanyi formulated for the boundary conditions of the organiza- 
tional levels. The appearance of function is always the result of a pro- 
cess that decouples the interrelationships embodied in the function 
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from the properties and relations of components at the lower level. 
The interpretation of function becomes possible only at the system’s 
higher levels. The function always must be formulated as an embodi- 
ment of the description of constraints (in the form of algorithms) in 
the event-space of the lower levels. Therefore, applying the concept 
of function in systems models needs a proper informational theory. 

Many authors have attempted to introduce such considerations into 
models of biological systems. Pattee (1967) centered his argument on 
“traits” that were the equivalents of functions and stated that the 
hereditary propagation of a trait involves a description or code and 
therefore must involve a classification process and not simply the 
operation of inexorable physical laws of motion on a set of initial con- 
ditions. Rosen (1973) very clearly expressed that a dynamic model 
of evolution cannot be constructed without properly incorporating 
the concept of function. Quastler (1964) was the first to calculate 
the informational content of various macromolecules at the advent of 
molecular biology, but his finding only promoted the use of the con- 
cept of information by others as a metaphor. Very attractive models of 
the living cell were independently constructed on the concept of in- 
formation by Pattee (1977), Liberman (1979), and Iberall (1983). The 
common characteristic of these models is that the interactions among 
their components are regarded as a kind of grammar that emerges as a 
linkage that can switch or evoke changed molecular states in chemical 
systems. It is common in the various independently developed models 
that biological function appears as a specific description, a kind of 
information relevant only in the given system, not reducible to physi- 
cal processes, only harnessing them. The totality of the biological 
system and its functional components can be regarded as carriers of 
algorithms. Their interactions are considered as computing processes 
prescribed by these algorithms (Stahl 1965). 

The question immediately arises: what is the “meaning” of these 
algorithms? In this book I try to establish my hypothesis that these 
algorithms are the algorithms of a self-replicating process. A model 
representing biological systems must be constructed so that it repre- 
sents the replication process of both the components and the whole 
system. The model offered is the component-system model, a replica- 
tive organization in which the interaction of the components leads to 
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the maintenance of the whole system and occasionally to the replica- 
tion of the system in space (reproduction). 

I use a concept of information to describe the component systems 
that was analyzed in detail by Kampis (1986a, 1986b). Kampis dis- 
tinguishes effect and knowledge. Knowledge is a description that has 
meaning only for the observer, while the effect—the final source of 
knowledge, according to Kampis—is the specific way a given com- 
ponent functions in a given system. Based on effect and knowledge, 
Kampis defines two kinds of information. The structural arrangement 
responsible for the effect of a given component and the effect itself are 
expressed in the concept of referential information. The “referential” 
notation points to the fact that for expression of an effect by a given 
component the whole system is necessary. Nonreferential information 
describes both the effect and the structure responsible for it. Gener- 
ally in this book the latter concept of nonreferential information will 
be used. 

Consequently, information necessary for the replication of a system 
is carried by its components, and this replicative information contains 
both structural and functional information. The organization is the 
mode of the components’ interaction, and it creates the link between 
structure and function. Organization is closely connected to function, 
but we use organization when dealing with the whole system, and 
we use function when we describe the interactions of given compo- 
nents. Components carry only a part of the whole system’s replicative 
information, collectively making up the information that allows for 
the whole system’s replication. 

In this framework the referential aspect of a given component’s 
replicative information as represented by its structure and function 
forms an inseparable unity. This information is the mode of effect of 
the given structure, and its meaning is relevant only within the whole 
system; 1.e., it is a system-dependent parameter. 

Function can be described by an organizational approach. The 
function (effect) of a replicative organization’s system is replication. 
The system is working toward its own replication. The function con- 
sidered in such a way will be called replicative function. 

The function of the components can be deduced from the behavior 
of the whole system in a general way and a specific way. In general, 
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a replicative system’s components are the entities that through their 
interactions participate in the whole system’s replication. It is evident 
that they have replicative functions because they promote both the 
system’s and their own replication. Therefore, the general function of 
these components is their role in the replicative process. 

On the other hand, considering interactions among components, 
we always find special mechanisms that influence the probability of 
genesis of these participating components. A digestive enzyme in a 
cell, for example, splits the structure of other proteins (components) ; 
i.e., it decreases the probability of their existence. A predator taking 
its prey also decreases the probability of existence and genesis (of 
progeny) of the prey animals. 

The particular mechanisms are different in various component 
interactions, but through interactions the components always influ- 
ence the probability of one another’s genesis (in one or both direc- 
tions). Influencing the probability of the components’ genesis also 
is a function—a general function closely related to the replicative 
function. 

The problem of a system’s autonomy also is related to the concept 
of information. Individual organisms always show autonomy to a Cer- 
tain degree; that is, they are separated from their environment and 
are not entirely controlled by the environment. At a higher, supra- 
individual level of organization the degree of autonomy may be dif- 
ferent. 

The biosocial system is characterized by complex, hierarchical 
interactions of functions ranging from molecules to the totality of the 
system. Any effect that causes a change in the functional network 
of the system’s replicating components may be regarded as a func- 
tional effect because the same components also are building blocks at 
a higher organizational level. Therefore, an individual component’s 
autonomy is always relative. Autonomy in the full meaning of the 
word exists only at the highest level of the biosocial system. 


Origin of information and complexity 


Models in physics usually describe simple interactions, or, more pre- 
cisely, interactions that appear to be simple, and the models them- 
selves are not very complex. Nevertheless, the predictive value of the 
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equations describing interactions of atoms, electrons, and photons are 
high, as is shown by the modern technology founded on physics. 

In a biological system, describing even the simplest interactions re- 
quires highly complex models operating with many elementary units 
and system parameters. There are thousands of chemical reactions 
in the simplest cell. Several million atoms can make up a macro- 
molecule. Bodies of higher organisms consist of billions of cells. The 
number of various species living on Earth may well be over 30 million, 
according to recent estimates. These examples show the enormous 
variability of the biological system’s components. The possible inter- 
actions of these components are more numerous by several orders of 
magnitude. Biological systems therefore have a special character (at 
least in the way we perceive them) that has to be considered if we 
want to construct a specific systems model. Let us call this character 
complexity. 

The concept of complexity can be satisfactorily understood on an 
intuitive level, but it has no generally accepted definition. In our 
treatment we use Bunge’s (1963) definition, which distinguishes onto- 
logical and semiotic complexity. Ontological complexity originates 
from the inherent nature of the interactions of matter, which are infi- 
nite and immeasurable, and we can approach it only by using models. 
Semiotic complexity is the self-complexity of the models, which were 
made to represent reality. This kind of complexity is finite and can 
be measured in the same way as specific digit sequences (Kolmogorov 
1965, Chaitin 1966). From this definition it also follows that there are 
many kinds of semiotic complexity, e.g., structural and functional, 
which we will treat below (Kampis and Csanyi 1987a). 

There is a close connection between semiotic complexity and our 
concept of structural information. Description of a molecular or other 
structure represents measurable “semiotic” information, which we 
call structural information, and thus semiotic complexity can be ex- 
pressed or measured by it. 

The definition of complexity by Saunders and Ho (1976, 1981) is 
similar to that of semiotic complexity, and they proposed that it 
is the only continuously growing parameter of the biosphere dur- 
ing evolution. Wicken (1978, 1979) also has studied the growth of 
complexity in connection with the entropy concept of thermodynam- 
ics. He found close relationships among energetic changes, increase 


16 Evolutionary systems and society 


of entropy, and the change of complexity in physical systems. The 
essence of his argument is that in spontaneous processes the increase 
in heterogeneity is inevitably accompanied by an increase in com- 
plexity. Thus the increase in heterogeneity is equivalent to com- 
plexity. 

Large heterogeneous molecules can form spontaneously from 
smaller, simpler ones at the expense of the system’s free energy, be- 
cause reactions producing complex end products increase the entropy. 
This line of thought is easily understood if we consider that disorder 
and molecular heterogeneity are the same concepts in thermodynam- 
ics. The structure of a protein molecule that is built up from a single 
amino acid is clearly more ordered than one built from many different 
kinds of amino acids. Wicken showed that the entropy of a system 
containing large heterogeneous molecules is greater than that of one 
consisting of a few simple molecules. This is why the formation of 
larger heterogeneous molecules is more probable. A system contain- 
ing large heterogeneous molecules is more complex than a system 
containing simpler or homogeneous ones. Therefore, because of sim- 
ple thermodynamic considerations, an open system with spontaneous 
chemical processes always tends to change in the direction of higher 
complexity. The Universe in this sense is equivocally creative. 

Acceptance of this very remarkable idea was probably delayed by 
the fact that a more heterogeneous, more complex system is not 
necessarily more organized. Organization, as we showed, is the con- 
sequence of specific constraints and is not closely connected with 
changes in entropy. In open systems complex molecules may emerge, 
but their complexity is unorganized because of the absence of a sys- 
tem that would embody the complex molecules as components— 
more precisely, as components with functions. Wicken stated that for 
life to emerge, a functional organization is necessary, but he did not 
examine the origin of organization. 

I regard complexity that originates in the molecular structure as 
structural complexity, while the complexity emerging from an exist- 
ing organization will be called organizational complexity. The two 
must be clearly distinguished. The difference can be seen most clearly 
in the case of an organized system. The organized system (for exam- 
ple, a cell) consists of complex components (structures) ; therefore, 
part of its total complexity is structural, which can be computed 
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from the structural complexity of its components. The other part of 
this total complexity comes from the organized network of compo- 
nent interactions. This functional complexity can be calculated from 
a description of the functional network. 

Both kinds of complexity can be interpreted within the replicative 
model. An already existing organization, even the most primitive, 
is capable of transforming an unorganized system. If we randomly 
change the components of a replicative cycle or network, removing 
or introducing components, then the original replicative organization 
acts as a selective agent. Changes that do not interrupt the replica- 
tive organization may be incorporated into the system and increase 
its complexity without altering its organization. However, changes 
that damage the replicative organization replicate poorly or disappear 
from the system. 

It will be shown in the second chapter that there are systems, built 
up from a few kinds of simple molecules, that are capable of replica- 
tion and may organize larger, unorganized systems. Such a primitive, 
small system, which can organize a larger one, is called a system pre- 
cursor after Gray (1975), who originally worked out the concept for 
autopoietic systems in psychiatry. 

No matter how primitive the replicative system is, it is able to in- 
corporate new components, and this always results in the emergence 
of new functions, because new components can join the replicative 
system only through some interaction, through a function that can 
fit into the already existing organization. 

The more primitive the initiating system precursor, the more lim- 
ited is the set of possible components and functions. Only a few com- 
ponents can join the replicative cycle. With growing complexity the 
number of potential components that can fit into the system becomes 
larger, and complexity will grow ever faster. 

Structural information emerging in an unorganized open system 
will be called parametric information, or parametric complexity, be- 
cause this kind of complexity emerges as a result of the system’s 
general parameters such as temperature, concentration, etc., and is 
unorganized. If there is a system precursor present in the system, 
then the complexity due to the effect of this organizing mechanism is 
called functional complexity and its information content is functional 
information. 
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For example, the DNA of a cell is a complex structure, which has 
structural information, i.e., the description of its atomic arrangement, 
and it contains functional information that is the genetic code. The 
latter corresponds to a separate description, independent of reaction 
rates (Pattee 1977), which represents a prescription for the inter- 
actions among components. This separate description can be inter- 
preted only in a given system, but it is objective and exists indepen- 
dently of the observer. 

In the above sections we discussed the most important concepts 
necessary to follow our later discussion. In the following sections 
we introduce the autogenetic model that has been formulated on the 
basis of the above considerations. 


The replicative model 
Definitions and explanations 
System 


A system is a finite physical space, separated from the background 
by topological or organizational boundaries, in which components 
with physical structures and the building blocks required to create 
these components are present. Components are assembled and disas- 
sembled continuously, and there is an energy flux flowing through 
the system that is capable of exciting some of the building blocks. 
The number and types of building blocks present in the system—the 
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Figure 2 Assembly and disassembly of components. 


quality and intensity of the energy flux, etc.—constitute the system’s 
parameters (figure 1). 


Zero-system 


A system of components that have not yet developed functions is 
considered to be a zero-system. A zero-system has no organization. 


Function 


Function is the ability of components to influence the probability 
of genesis or survival of the system’s other components due to their 
relationships with the component-producing or component-decaying 
processes (figure 2). 


Information 


The description of the components by the arrangement of their build- 
ing blocks is structural information. 

That part of the structural information of a system’s components 
that is only the manifestation of the system’s physical parameters is 
parametric information. It is only a nonreferential kind of informa- 
tion. 

Description of functions and underlying interactions (mechanisms) 
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Figure 3 Different types of information. 


is functional information. It always has both referential and nonref- 
erential aspects (figure 3). 


Replicative function, replicative information 


In the biosocial system the replicative function is the most important 
of numerous possible functions. This term specifies a property that 
allows a component (or a set of components) bearing a replicative 
function to increase its (their) own probability of genesis or survival 
in the system. The description of the interactions of components that 
are necessary for replication is regarded as replicative information. 


Organization 


The hierarchical network of component interrelationships and com- 
ponent-producing processes, i.e., the network of functions, consti- 
tutes the organization of the system. 
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Replication 


If the system’s organization allows by various copying mechanisms 
the network of components and component-producing processes to 
produce partly or totally the same network again, this is called repli- 
cative organization. In the replicative process both the system and 
its components are produced. Replication is a copying process; a 
constructor produces a copy (replica) of a component or a given 
subsystem. In a replicative organization components are endowed 
with functions, which are expressed as functional information. In 
the component-producing process regenerating the system, this infor- 
mation also is regenerated; thus it is literally a self-copying process. 
Two forms of replication are distinguished. Temporal replication is 
defined as the system’s continuous renewal in time by the sequential 
and functional renewal of the system’s components while the unity 
and identity of the system are maintained. Spatial replication is iden- 
tical to reproduction. The system produces its own replica, which 
becomes separated from it in space. From one unit two units are 
formed (figure 4). 


Fidelity of replication 


Replicative processes are never error-free. Replication can thus be 
characterized by its fidelity. If replication is precise by all available 


Figure 4 Replication in space and time. 
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measures, it is called identical replication. If fidelity can be expressed 
by a number, e.g., from zero to one, replication is nonidentical. In 
the case of nonidentical replication either the structure of the com- 
ponents or the system’s component composition is different from the 
preceding state. 


Autogenetic System Precursor (AGSP) 


AGSP is a minimal set of components that is able to replicate and 
that fulfills the following criteria: (a) it contains at least one cycle of 
component-producing processes; (b) at least one of the components 
participating in this cycle can be excited by the energy flux flowing 
through the system. 


Operation of the replicative model 


On the basis of various considerations and data collected from real 
biological and social systems, which will be discussed, it has been 
inferred that the functional informational content of a zero-system 
containing an appropriate AGSP will increase in time, with the simul- 
taneous decrease of parametric information. This process has been 
called autogenesis (Csanyi 1985, Csanyi and Kampis 1985). 

As time advances, an increasing part of functional information be- 
comes replicative information. This can appear only as an extension 
of AGsP; that is, additional replicative cycles appear that are intercon- 
nected with the aGsp. Their formation is termed supercycles. As time 
passes, replicative coordination of supercycles develops and fidelity 
of replication increases. We can speak of some kind of functional dif- 
ferentiation and cooperation that result in the formation of commu- 
nities of simultaneously replicating components; that is, subsystems 
called compartments form. The components of these are separated 
from the components of others by their participation in coreplication. 
The emergence of compartments is equivalent to the organizational, 
i.e., functional, closure of the network of component-producing pro- 
cesses and components having a replicative function. This succession 
of events is called the compartmentalization and convergence of repli- 
cative information. 

Components and compartments embodying them may coexist with 
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Figure 5 Formation of organizational levels. 


different levels of replicative fidelity. For a while components may 
replicate with high accuracy, but the compartments formed by them 
do so with a low level of fidelity. As time passes, the fidelity of 
replication of both may increase, and a next level of organization 
may be created; a “compartment of compartments” is formed, which 
also replicates with an increasing fidelity. A system may contain 
several different kinds of compartments, which are all replicative 
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units with diverse fidelity. Among these, interrelationships develop, 
and as a result their replication becomes coordinated. Gradually, 
the whole system will start replicating as a final replicative unity. 
In the autogenetic process the system’s organization (and its parts) 
changes due to the functions of the emerging new components. Thus 
autogenesis is possible only while the state of identical replication has 
not yet been achieved. In that state the system is functionally closed, 
and its replication in time continues as long as the environment does 
not change. There are no further organizational changes initiated 
by organizational causes because new functions cannot originate. 
In the state of identical replication the system is an autonomous, 
self-maintaining unity, a network of components and component- 
producing processes that through the functional interaction of its 
components produces exactly the same network that produced it. 
Its organization is almost closed and cyclic. Its input and output 
are subordinated to its replication, but through them its existence 
depends on the environment’s invariance. The notion of function 
stresses that the end-states of autogenetic systems are not simply the 
fixed points of some dynamic processes. Autogenesis is the evolution 
of active self-construction (figure 5). 


2 Molecular Evolution 


The origin of life 


Since the first serious theory on the origin of life was born (Oparin 
1924), the study of evolution has become a broad and flourishing 
field. Geochemical research has shown that biological evolution on 
Earth started 3.8 to 3.4 billion years ago. Traces of advanced chemi- 
cal evolution have been successfully identified in 3.8-billion-year-old 
fossils (Pflug and Jaeschke-Boyer 1979, Schuster 1984). We have evi- 
dence of the existence of primitive organisms 3.5 billion years ago 
(Walsh and Lowe 1985). Traces of biochemical activity of prokary- 
otes with modern enzyme apparatus have been detected in rocks 2.3 
billion years old (Oehler et al. 1972, Nagy 1976). The basic problem of 
scientists engaged in research on life’s origin is the theoretical and 
experimental reproduction of events in the course of which complex 
molecular systems capable of self-reproduction evolved from simple 
carbon compounds. Early theories generally avoided this question out 
of the conviction that in the course of a single, incidental event a self- 
reproducing system had spontaneously “arisen,” and this is how evo- 
lution began (Beadle and Beadle 1966, Monod 1971). Others avoided 
the question by placing the origin of life in space outside Earth (Crick 
and Orgel 1973). Statistical methods can prove that the possibility 
of the accidental appearance of self-reproducing structures consisting 
of linear polymers is extremely small, so that this explanation can- 
not be accepted as a scientific hypothesis (Wigner 1961, Morowitz 
1968, Argyll 1977). The view is spreading that the evolution of life 
is a necessity, and the physical and chemical processes leading to its 
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emergence can be experimentally reproduced (Darlington 1972, Kuhn 
1976, Olson 1981, Matsuno 1984). 


Synthesis of building blocks: polymers on 
primeval Earth and in outer space 


For a long time students of the origin of life have searched for those 
conditions that permit the abiogenic synthesis of the basic biomole- 
cules—the “building blocks” of life—such as sugars, amino acids, 
purines, and pyrimidines. The physical and chemical parameters for 
synthesizing these substances were found, and each group of com- 
pounds could be prepared under laboratory conditions (Fox 1965). 

The questions of the origin of life and the origin of the building 
blocks have recently received a new twist, and it is quite possible 
that we will have to reconsider all our theories about the relation- 
ship of life and the Universe. Earlier it was shown that traces of the 
first steps of biochemical evolution could be demonstrated in cosmic 
space (Robinson 1976). New data and theories show that processes 
connected with the origin of life also have a major role in the origin of 
the stars. We do not yet have all the evidence, but the little evidence 
we do have seems to support an entirely new picture of the evolution 
of life and the Universe. 

The Universe was probably born in a violent explosion (the “Big 
Bang”) some 15 billion years ago. After early, extremely fast evolu- 
tion (approximately 0.7 million years) two elements, hydrogen and 
helium, made up most of the Universe’s mass. All other elements are 
by-products of later stellar evolution. At the end of its first period 
the Universe was an enormous cloud of hydrogen (75 percent) and 
helium (25 percent) extremely hot at the start. Then it began to ex- 
pand and cool, creating favorable conditions for local condensation 
processes, and thus the Protogalaxies came into being. The Proto- 
galaxies began to contract under their own gravity, giving birth to the 
short-lived giant stars, each having a mass larger than a hundred suns. 
In these giant stars helium and other heavier elements were formed 
from hydrogen, and after only a million years they exploded in vio- 
lent supernova bursts. The material produced by them was scattered 
throughout the Universe, and it initiated further new star births. 
These early supernovas produced the carbon, oxygen, and nitrogen 


Molecular evolution 27 


that after hydrogen and helium are the most frequent elements in the 
Universe. Four of these five (H, C, O, N) make up 98 percent of the 
mass of living organisms. The first series of star births was followed 
by a second one, providing most heavy elements, and then in a third 
series our own Sun was born. Presently this third wave of star births 
is the main process of the Universe (Papagiannis 1984). 

This most interesting last series of star births, which began 10 bil- 
lion years ago, is considered slower and longer than the previous 
ones. Our own galaxy, the Milky Way, characterized by the pres- 
ence of huge gas clouds containing primarily molecular hydrogen and 
1.75 percent heavier elements, had been thrown out from the super- 
novas. In certain areas of the galaxy huge clouds of dust assembled. 
It turned out that this “star dust” is the place of very active chemi- 
cal processes (Greenberg 1984). Most of the dust formed from tiny 
silicate grains surrounded by a mantle of various simple compounds 
created by photochemical reactions. These are just the kind of chemi- 
cals important for the origin of life: water, carbon monoxide, carbon 
dioxide, ammonia, various cyanides, simple sugars, amino acids, etc. 
(Irvine and Hjalmarson 1984). The amount of the organic material 
thus formed is huge, an estimated 0.1 percent of the Milky Way’s total 
mass. 

There are exciting theories that assume a very important role for 
“star dust” not only in the origin of life but in the birth of present- 
day stars (Gehrz et al. 1984). The densest clouds are the most active 
regions of ongoing star formation. For reasons not yet fully under- 
stood, the stellar clouds occasionally undergo a gravitational collapse 
in which huge masses of dust form high-density protostars. The con- 
densed material gets hot very quickly, and in certain stages nuclear 
fusion reactions start with hydrogen burning, which is the sign of 
a new Star being born. In most cases the birth of a new star is ac- 
companied by the formation of planets that also originate from con- 
densed star dust. First, the protostar is surrounded with dust parti- 
cles, and when the nuclear burning of the star begins, the dust is 
heavily irradiated by the star’s radiation. Some of the organic sub- 
stances formed evaporate and are destroyed; some others undergo 
further photochemical reactions, probably resulting in rather com- 
plex organic compounds. In the distant dust local condensation may 
begin, and meteorites and comets of various sizes (from centimeters 
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to several kilometers in diameter) are formed. Planets are created by 
the further condensation of meteorites. It is most important that the 
new planets are subjected to the shower of organic dust and meteor- 
ites for millions of years following their birth (Delsemme 1984). 

Enormous amounts of water and organic materials flow to the sur- 
face of the new planets. In other words, all basic compounds neces- 
sary for the origin of life are available in great quantities and high 
concentrations. Of course, life does not start on all planets. Planets 
too close to the central hot star lose their water and atmosphere very 
soon because of high temperatures, while others get too far from the 
central star and lack the radiant energy needed for starting life. Very 
probably Earth is in the “biogen zone,” as is shown by the evolved 
biosphere (Oro et al. 1982). We can deduce from the above facts that 
the origin of life is not an unusually rare phenomenon but an essential 
part of the Universe’s evolution. 

Several scientists have emphasized that the eventual structure of 
our Universe is very improbable. Even small changes in the initial 
conditions could have produced major effects (absence of hydrogen, 
very short-lived stars, absence of heavy elements in interstellar space, 
etc.), which would have precluded the evolution of life. These con- 
siderations have led to the formulation of the “Anthropic principle” 
(Papagiannis 1984), which states that “our presence specifies the basic 
properties of the Universe.” This is a beautiful and romantic idea; it 
would be unwise to pry into its firm scientific basis. 

From the heavens, let us turn to the Earth again. Building blocks 
of the biopolymers are formed not only in interstellar space; condi- 
tions for their synthesis also were provided on primeval Earth. Photo- 
chemical reactions of simple building blocks H,O, CO,, N,, H,CO, and 
the like were examined in great detail (Canuto et al. 1983), and con- 
ditions for the synthesis of amino acids, urea, and cyanide derivates 
were found (Schlesinger and Miller 1983a, 1983b). Prebiotic chemis- 
try of nucleotides is also well established (Ferris et al. 1984). In the 
light of these results the assumption that the atmosphere of prime- 
val Earth was the place of very active chemical processes seems to 
be proved. The simple organic compounds that are necessary for the 
synthesis of the biopolymers (proteins, nucleic acids, carbohydrates) 
of living organisms very probably formed by ultraviolet radiation, 
which was much more intense at that stage of the Earth’s history. It 
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is more difficult to reconstruct the abiogenic synthesis of biopolymers 
themselves. Until now students of the “origin of life scenarios” were 
compelled to ignore some important conditions, and their primary 
aim seemed more logical beauty than criteria of proof (Kuhn 1976, 
Fox 1980, Olson 1981, Matsuno 1984). 

What is the problem? Even a most simple self-sustaining organism, 
a bacterial cell, continuously exchanges energy and material with 
its environment. Its metabolism is controlled by enzymes—biocata- 
lyzers of living organisms. The cell produces specific biopolymers, 
and one of these, the DNA, controls the structure of proteins through 
the genetic code and, with the contributions of specific enzymes, is 
able to self-replicate. The whole cell is an autonomous unity, an indi- 
vidual system that is able to replicate in time and space. All of these 
properties are based on a few thousand highly organized chemical 
reactions. 

The problem, therefore, is to reconstruct the developments that 
have led from the abiogenic synthesis of the building blocks to the 
replicating cell. 


The thermodynamic conditions of molecular evolution 


In the last thirty years thermodynamic models have been worked 
out for studying the initial conditions of evolution (Prigogine 1955, 
Katchalsky and Curran 1965). From the energetic point of view, a 
system can be characterized by the following equation 


B='E:= TS 


where F is free energy, E is total energy, T is absolute temperature, 
and S is entropy (the measure of disorder). In an isolated system en- 
tropy steadily increases until it reaches maximum. Accordingly, an 
organized structure cannot evolve spontaneously in isolated systems. 
Living organisms are characteristically open systems and perform 
their vital functions in open systems. Open systems are characterized 
by a constant exchange of matter and energy with their environment. 
When thermodynamic equations are applied, it becomes clear that 
the open system has a constant entropy exchange with its environ- 
ment. The entropy exchange of an open system within “dt” time is 


dS=d,S+dS  4dS=0 


30 Evolutionary systems and society 


where d_.S is the entropy flow between the system and its environ- 
ment, and djS is the entropy production of irreversible processes 
within the system (diffusion, chemical reactions, heat conduction, 
etc.). In isolated systems d.S = 0 and dS = d,S = 0, d.S can be equal 
to, smaller, or greater than zero as a consequence of the constant 
exchange of matter and energy with the environment. Therefore, 
there are situations in which a system’s entropy is smaller than it was 
in its original state. This situation can be sustained for a considerable 
time if the following condition is satisfied: 


d.S = —d,S =0 


That is, the situation can be sustained if its entropy production is 
continuously transferred to the environment. Such systems are called 
steady-state systems. 

The simplest model of steady-state systems consists of an energy 
source, an energy “sink,” and a “system” connecting the two, the ther- 
modynamic characteristics of which are to be studied. The energy 
constantly flows through the system from the source into the sink, 
and after a while a steady state develops. The parameters of the 
energy flow through the system become constant. As a general law, 
such systems are not in a state of thermodynamic equilibrium and 
therefore are not characterized by an entropy maximum. On the 
contrary, the energy passing through the system “organizes” it, thus 
reducing its entropy. 

Let us consider the case of a container filled with ideal gas and 
divided into two parts by an adiabatic, porous wall. One of the parts 
is connected with a “sink” at a lower temperature, the other with a 
“source” at a higher temperature. It can be demonstrated that as long 
as there is a difference in temperature between source and sink, and 
a constant energy flow through the system, a difference in concen- 
tration appears between the two compartments of the system: 


Mel, en, 
thence, <'c, 


(For a detailed discussion, see Morowitz 1968.) The entropy reduc- 
tion caused by the temperature difference lasts as long as the steady 
state does, that is, while the energy flow continues. The system’s in- 
ternal organization may grow in proportion to its degree of deviation 
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from thermodynamic equilibrium. In states far removed from equi- 
librium, the system may reach an inner stability that is characterized 
by a minimum entropy production and a maximum of free energy 
dissipation (Prigogine and Wiame 1946). The steady state character- 
izing this stability is capable, to some extent, of compensating for 
the system’s inner fluctuations. However, should the fluctuations ex- 
ceed a threshold, the system becomes reorganized and reaches a new 
stable state. Prigogine termed the inner structures corresponding to 
the respective stable zones “dissipative” because their inner organi- 
zation is capable of maintaining within the parameters of the stable 
zone a minimum entropy production—that is, to pass the excess of 
entropy to the environment. The structures of living organisms are 
all dissipative (Prigogine et al. 1972). 

Behavior of simple chemical systems relatively near equilibrium 
can be described by linear differential equations. The behavior of sys- 
tems far from equilibrium becomes more and more complex and is 
characterized by nonlinear interactions and, in certain situations, by 
chaotic behavior. In many cases if a system deviates even further 
from equilibrium by taking up energy, chaotic behavior ceases and 
some kind of orderly behavior is manifested (Prigogine and Stengers 
1984). Prigogine’s famous slogan “order from chaos” was born in con- 
nection with these phenomena and unfortunately has led to much 
misunderstanding in biology. The equations of irreversible thermo- 
dynamics present exactly those general conditions that are necessary 
for any living system to exist. These are valid and important laws for 
biology like the law of energy conservation. Nevertheless, neither the 
law of energy conservation nor irreversible thermodynamics explains 
the structure of biological systems, the special causes of their origin, 
functioning, and complex organizations. These laws express the nec- 
essary but not sufficient conditions for the origin of the living system. 
By accepting the Prigogine school’s arguments, one could not distin- 
guish the complexity of a living cell from the orderliness of a simple 
chemical reaction, e.g., a Belousov-Zhabotinsky reaction. They state 
that in both cases dissipative structures are at work. The flaw in this 
argument is its confusion of organization and order, a difference we 
already have discussed (see also Smith and Morowitz 1982). Order 
in a physical or chemical system appears because of the action of 
microforces working between atoms or molecules, just as the orderli- 
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ness of a crystal is formed in a saturated solution. A crystal is an 
orderly structure; its entropy is lower than that of the solution at 
the same temperature, but it is definitely not an organized structure. 
Organization never appears by leaps and bounds, and it is not the im- 
mediate consequence of the action of molecular forces. Forces acting 
in biological organizations are expressed in nonrandom specialized 
structures, and these structures are specific constraints that cannot 
be deduced from the equations of thermodynamics. 

In a living cell several thousand chemical reactions are going on 
simultaneously, each governed by the laws of reaction kinetics and 
catalysis. But if we could calculate the fate of the system based on the 
equations of chemistry we would find the system on the way toward 
destruction. In spite of those imaginary calculations, cells are stable 
systems existing for billions of years without interruption. 

The cell is a stable system because it is organized—because its 
chemical reactions are controlled. When a given reaction is too fast or 
runs in an unfavorable direction, some kind of molecular controlling 
mechanism immediately intervenes, which often is not directly con- 
nected with the process controlled. A clear example is the so-called 
allosteric regulation of certain biochemical pathways. The final prod- 
uct of a complex chain of reactions inhibits the activity of the en- 
zyme catalyzing the chain’s first reaction, and so the whole series 
is suspended. The specific structure of this controlling process is the 
allosteric enzyme that represents a constraint, which follows from 
a higher level of organization and cannot be explained solely on the 
basis of thermodynamics. A living cell is an “overcontrolled” mecha- 
nism in which almost every chemical reaction is controlled. Thermo- 
dynamics cannot deal with the phenomenon of cellular regulation, 
despite the fact that boundary conditions represented in the equations 
of thermodynamics are valid for controlled molecular systems as well. 
In many cases, though, a biological organization harnesses a given 
chemical or physical phenomenon, and, taking this reaction with- 
out considering the organization, we may find simple thermodynamic 
laws at work. Prigogine and his coworkers analyzed the process of cell 
aggregation of slime molds (Dictyostelium discoideum) and found a 
specific oscillation in the migration of individual cells, which they 
considered analogous to the Belusov-Zhabotinsky reaction. Although 
oscillation goes on in both cases, aggregation of slime molds is not a 
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consequence of the system’s thermodynamic parameters but of spe- 
cial organization, as was argued correctly by Ferracin (1984). If we 
take a reaction from the context of metabolism, we can certainly 
show that the law of chemical equilibrium is valid, but it will never 
explain the organization of a cell. The law of chemical equilibrium is 
only harnessed by the special constraints of the cell (to quote Polanyi 
again). 

It is interesting that Prigogine himself emphasizes the specific na- 
ture of systems far from equilibrium and states that there are no 
known universal laws describing the behavior of such systems (Pri- 
gogine and Stengers 1984, p. 144). However, he lets himself be wooed 
into supporting the view that irreversible thermodynamics is a final 
principle, valid not only for the organized cell but for ecosystems and 
human societies. 

In my opinion, processes of living cells and organizational levels 
above it can be described and understood only with the help of an ap- 
propriate information theory able to deal properly with the problem 
of organization. 

Again, I would like to emphasize that I do not deny the use of 
irreversible thermodynamics within its proper limits, or belittle the 
merits of the Prigogine school, I merely oppose an irrelevant exten- 
sion of the validity of thermodynamics. 

Returning to simpler chemical systems, we must briefly discuss the 
characteristic processes of simple systems that are far from equilib- 
rium and lacking specific organization. There is a very important 
feature of steady-state chemical systems far from equilibrium: it can 
be shown that in these systems a cyclic flow of matter may begin (On- 
sager 1931). Taking a chemical system of three species of molecules, 
there are three possible chemical reactions: 


PSA <i) CIA 


At thermodynamic equilibrium there is no material flow because all 
reactions are reversible and rates of chemical change are equal in both 
directions. In an open system, however, the situation is different. 
Suppose that one element of the system is capable of the following 
reaction: 


Ashu B 
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In the case of an adequate, continuous energy influx the system ab- 
sorbs energy, moves away from the state of equilibrium, and a net 
cyclic flow of material with the direction of A— B— C= A lasts as 
long as energy flows through the system. 

An essential aspect is that in the course of moving away from equi- 
librium, the system absorbs energy, which implies the storage of en- 
ergy. The mode of storage depends on the system’s characteristics, 
i.e., on the quality of the source and sink, and on the quality of the 
structure connecting the two. For example, a monoatomic gas can 
store energy only by producing charged electrons and ions, and only 
for a very short time. However, a complex chemical system is capable 
of storing energy in numerous ways (in covalent bonds, ionic bonds, 
weak interactions, etc.). The stability of these bonds is crucially im- 
portant; the longer the life span of bonds, the more energy can be 
stored. By producing more complex molecules, the system itself be- 
comes more complex, and its orderliness increases at the expense of 
energy flowing through it. The level of order is proportional to the 
free energy content of the system. The order of a system also is influ- 
enced by the nature of the energy source. It has been shown that in a 
system containing the basic bioelements, i.e., C, N, H, O, P, and §S, it 
is the energy of visible and ultraviolet light that can produce a maxi- 
mal level of order. According to Morowitz’s (1968) calculations, the 
degree of order is proportional to the mean residence time of the en- 
ergy in the system while flowing from the source toward the sink. The 
more organized the system, the longer it stores the energy. Convinc- 
ing proofs of this idea also are provided by modern cell biochemistry 
(Welch 1977). 

Today, just as at the time of the origin of life, the Earth’s surface 
is a complex, energetically open system, showing a constant energy 
exchange with its environment. It absorbs the radiant energy of the 
Sun, and this absorbed energy is radiated into space at other frequen- 
cies. On the basis of the above-discussed thermodynamic model, the 
energy flow going through the Earth theoretically allows the system 
formed on Earth to move away from thermodynamic equilibrium, to 
increase its inner complexity and order through a succession of stable 
steady states, and to develop dissipative structures, with the result 
that various kinds of organizations emerge. 

Here again we raise the question of complexity and order, because 
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the lack of distinction between these two concepts is the main cause 
of theoretical problems in studying the origin of life. The appear- 
ance of both complexity and orderliness is characteristic of the struc- 
tures of living systems. The average distribution of amino acids in 
the proteins of modern organisms is very close to random. This sim- 
ply means that, in general, proteins are complex structures because 
in their description we need exact sequences of amino acids and we 
cannot apply rules to simplify this description. We also know proteins 
with highly ordered structures. In the keratin of human hair various 
amino acids are connected in a given, repeated order. The existence 
of numerous copies of a certain complex molecule in the cell also can 
be seen as a kind of order because the state of disorder would be char- 
acterized by a random distribution of the various sequences, and the 
chance that a given sequence is represented by two or more copies 
is rather small. The possible number of sequences is on the order 
of 20°". (The number of atoms in the Universe in hydrogen equiva- 
lents is approximately 10°°, which gives an idea of how large the 
former number is.) The fact that amino acids of the cell system form 
giant molecules also represents a kind of order because entropy and 
correspondingly complexity would be even higher should all amino 
acids be monomers or their atoms parts of simpler molecules such as 
ammonia, water, etc. Therefore, the state of an open system can be 
characterized by the simultaneous effects of two well-distinguished 
tendencies, i.e., the growth of complexity and the emergence of order 
in certain parts or parameters of the system. 

In a closed system processes move in the direction of growing 
complexity (disorder), while in open systems the energy flow would 
enhance order in certain parts of the system at the environment’s 
expense. The most important thing is that in a simple, open chemi- 
cal system the emerging complexity is always unorganized; i.e., the 
emergence of complexity per se can be explained by thermodynamic 
laws, but in the case of an organized system we need additional ex- 
planations for organization. Organization can be understood only if 
we have an explanation at two connected levels. Thermodynamics 
provides explanations only for the lower level; it explains how com- 
plexity arises from the interactions of the molecules; while at the 
higher level we need an explanation for the existing constraints that 
form the given organization. This explanation is not provided by 
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thermodynamics. In most cases these constraints include a certain 
order, for example, a great number of copies of the same polymer or a 
given structural arrangement, etc. Therefore, organization is charac- 
terized by the mode of connection of complexity and order, and thus 
organization cannot be described on the basis of irreversible thermo- 
dynamics alone. 

Summarizing the characteristics of a steady-state chemical system 
far from equilibrium, we can state: 

(1) Entropy production is lower and the level of free energy is 
higher than in an equilibrium system at the same temperature. 

(2) With the advance of time, the molecular complexity and free 
energy content increase. 

(3) With the advance of time, order increases. In an unorganized 
system the degree of order is roughly proportional to the energy- 
storing capacity and the mean residence time of energy in the system. 

(4) The relationship between the order and complexity emerging 
in the system depends on the system’s parameters and follows un- 
equivocally from its microstates. 

(5) Cyclic material and energy flows begin in the system. 

(6) A continuous energy flow is necessary to the steady state’s 
maintenance. 


The chemical composition of the evolutionary system on Earth 


Since there are quite good estimates available for the possible com- 
position of the Earth’s primitive atmosphere, the nature of processes 
that took place within it can be modeled, and the results can be 
tested in laboratory experiments. Generally, it is assumed that the 
system contained carbon, hydrogen, nitrogen, and oxygen in a cer- 
tain proportion. Knowing the respective chemical parameters, the 
equilibrium concentration of each simple molecule can be calculated 
(Dayhoff et al. 1964). According to these calculations, concentra- 
tions of CO,, CH,, H,O, and N, were highest, and those of molecules 
of biological relevance were extremely low because producing these 
molecules requires a great deal of energy. For example, in a system 
containing C, H, N, and O in a 2:10:1:8 molar ratio, the equilibrium 
concentration of acetic acid is 10° mol/1 and that of glycine is 107! 
mol/1. This means that in a thermodynamic equilibrium at terrestrial 
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temperature, without an external source of energy, the system could 
have produced only the simplest molecules. 

Computer simulation has shown that in a steady-state system in- 
creases of the free energy content were followed by an increase in 
the variability of chemical composition (Morowitz 1971); that is, the 
complexity-enhancing effect of energy flow is well supported. It also 
was shown that this increased variability would still include com- 
pounds important for life. 

However, the atmosphere of the primitive Earth, having constantly 
been exposed to the irradiation of the Sun, was not in a state of 
equilibrium. According to the model experiments of Groth (1960) as 
well as those of Noyes and Leighton (1941), in a mixture containing 
CO, and H,0 the ultraviolet irradiation initiates the following overall 
reaction: 


CO, + HO 2H,CO + 0, 


That is, carbon dioxide and water may react to produce formaldehyde 
and oxygen, and the reaction of the latter two produces carbon di- 
oxide and water again. This reaction is the basis for biological photo- 
synthesis and for the ecological carbon cycle. During photosynthesis 
the carbon dioxide turns into more complex aldehydes and carbohy- 
drates that enter the metabolism and finally are oxidized into carbon 
dioxide and water. Formaldehyde produced in the carbon dioxide— 
water system is a compound of high reactivity. It can react not only 
with oxygen but can take part in the synthesis of other carbon com- 
pounds. As a consequence of irradiation, the carbon dioxide—water 
mixture becomes a system of a higher free-energy level, and its 
chemical potential also increases. Naturally, after a period of time 
the material cycle closes, and the system emits the absorbed energy 
in the form of heat, while the initial simplest compounds are regen- 
erated. 

Under the influence of these model experiments, solutions more 
closely resembling the elemental composition found in living organ- 
isms have been studied extensively (containing phosphorus and sulfur 
in addition to carbon, oxygen, and hydrogen). As shown by several 
experiments, when such a CHNOPS solution is irradiated with ultra- 
violet light, a series of photochemical reactions occur, and numerous 
compounds of medium molecular weight are produced. Some of these 
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compounds have a short life span, and they dissociate or change, 
while others with a longer life span become concentrated. Under the 
influence of continuous irradiation, the system shifts toward increas- 
ingly higher energy states; compounds of higher and higher free en- 
ergy content are continuously formed in it; and the very molecules 
(amino acids, organic bases, sugars, etc.) that are the building blocks 
of the molecular structures of living organisms appear (Fox and Dose 
1972). 

Let us examine this system from the point of view of the material 
cycles involved. For the sake of simplicity let us consider only the 
CHNO elements. In a state of equilibrium the system contains only 
small molecules such as CH,, H,, NH;, etc., in considerable concen- 
tration. The set of compounds containing three or four atoms can be 
regarded as a material source and demonstrated as a cube: 


oo 


Figure 6 


As a consequence of irradiation, photochemical reactions ensue, and 
more complex compounds are produced. Let us pick out a single 
chain of reactions and mark each reaction product by a letter of the 
alphabet: 


Figure 7 
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As there is no particularly stable compound among those produced in 
the CHNO system, we can safely state that these compounds would— 
in one way or another—be transformed into the original basic mole- 
cules of the material source: 


Figure 8 


This means that a closed network of processes develops, through 
which the atoms are driven by the free energy absorbed by the system. 
Naturally, not only a single cycle but a complex diverging and inter- 
twining net of cycles develops. Marking the individual compounds by 
dots, it can be schematically visualized as follows: 





Figure 9 


In this system no reaction can occur that would not take part in the 
continuously flowing material cycle. Undoubtedly, only a small frac- 
tion of the theoretically possible reactions are realized. The thermo- 
dynamic models determine the system’s limiting energetic conditions. 
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The most important of these conditions is that the system may get 
into a steady state in which it has minimum entropy and maximum 
free-energy content. From the point of view of evolution, the crucial 
question is what kind of organization will characterize this network 
of processes. 


Reaction parameters characterizing the evolutionary system 


Let us consider the CHNO system again and divide it into two subsys- 
tems, one consisting of small molecules denoted by “S,” the other of 
more complex molecules, generated from the small ones, denoted by 
“M.” The connection between these two subsystems is demonstrated 
by the scheme 


S + energy OM 


By absorbing external energy, a continuous material flow is estab- 
lished between S and M, and the free-energy content of M increases. 
The free-energy increase of M depends on the material flow’s mass 
and the specific energy-storing capacity of the molecules. Let us 
examine the factors determining the free-energy increase of M: 

The mass of material flow is determined by the parameters of the 
energy flow and the equilibrium constants of various chemical re- 
actions. Generally, these constants are such that the relative concen- 
trations of the simpler compounds are much higher than those of the 
more complex ones. This is well demonstrated by Morowitz’s data on 
the distribution of carbon on the surface of Earth (table 1): 


Table 1 Distribution of terrestrial carbon (after Morowitz 1968) 


Compartment Total carbon x10'* g 
Carbonate in sediments 67,000 
Organic carbon in sediments 25,000 

CO, in the atmosphere 2.39 

Living matter on land 0.3 

Dead organic matter on land 2.6 

CO, of dissolved hydrocarbonate in oceans D7 

Living matter in oceans 0.03 

Dead organic matter in oceans 10.0 


Total 92,144.98 
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Huge material cycles characterize the developed biosphere, and the 
chemical elements of which living organisms are composed also are 
parts of the material cycles. It is increasingly clear that the most im- 
portant characteristic of life is the complex network of joint material 
cycles (Mizutani and Wada 1982). 

The total biomass (the living and dead organic matter of oceans and 
lands) is 12.93 x 10'* g; the carbon in this is hardly more than 0.01 
percent of the total carbon store. In the present stage of evolution, 
as far as material cycles are concerned, a steady state has certainly 
been attained. The carbon flow per year also has been determined 
(Hutchinson 1954, cited by Morowitz 1968), and the following values 
have been obtained: 


Amount of CO, fixed on land: 0.073 + 0.018 x 10'* g/year 
Amount of CO, fixed in oceans: 0.43 + 0.3 x 10'° g/year 


These calculations of the actual material flow assume equilibrium, 
but the central characteristic of the terrestrial system is its nonequi- 
librium nature. This also implies that the rates of reactions partici- 
pating in the material flow play a limiting role in determining the 
actual flow. Among synthesis reactions, autocatalytic reactions have 
the greatest reaction rates. It is easy to demonstrate that if other con- 
ditions for their existence also are given, in a steady-state chemical 
system these reactions will predominate (King 1977, 1982). 

The free energy enters the system through photochemical re- 
actions; thus the nature of these reactions is of primary importance in 
creating the bulk of material flow. The rate of reactions subsequent to 
the photochemical reaction also is significant. The reaction rates are 
the decisive factor in determining the time that energy spends in the 
system. Those reactions that “remove” the material relatively rapidly 
from the system and recirculate it to the source of basic compounds 
decrease this value. Those reactions, however, that drive the material 
to byways keep the energy in the system longer and consequently in- 
crease the total free energy of subsystem M, provided that the mass 
flow rate into M is constant. A kind of “selection” automatically starts 
among the various types of reactions in the system. All changes tend- 
ing to increase free energy’s storage are incorporated into the system 
and become a stable part of it. From the energy-preserving reactions 
the ones having greater capacity will be selected. These are the auto- 
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catalytic reactions since their rate can exponentially increase in time. 
On the basis of King’s (1977) investigation it also can be stated that 
in a sufficiently large steady-state system, with conditions adequate 
for various reactions, the different autocatalytic reaction chains may 
interlock and produce increasingly greater autocatalytic complexes. 
If two autocatalytic complexes “compete” for initial materials, the 
one with a more compact physical structure, and consequently with 
more Catalytic sites per unit of surface area, has a selective advan- 
tage. Such catalytic particles ensure greater reaction rates. This so- 
called “equilibrium” effect was first described by Martell (1968, cited 
by King 1977). Autocatalytic systems have “self-regulating” features 
that make their relatively longer life span possible. This coincides 
with Ashby’s criteria concerning the stability of different regulatory 
systems: those systems are stable in which the “groups” are closed 
toward transformation, i.e., in which states are cyclically repeated 
(Ashby 1956). 

Stability problems in complex chemical networks were investigated 
by Matsuno (1978), who found that the probability of forming cyclic 
processes was rather high, and these were especially stable kineti- 
cally. He also proposed that compartments spontaneously emerge 
within the reaction networks, which have a tendency to develop self- 
preserving organizations (Matsuno 1980, 1981). Matsuno made a de- 
tailed study of the kinetic behavior of compartmentalized polymers. 
He found that with time the ratio of stable polymers increases because 
of simple kinetic relationships. He also found that the mean decay 
time of the polymers within the compartment continuously and irre- 
versibly decreases (Matsuno 1974, 1977). Smith and Morowitz (1982) 
state that reaction networks emerging in the CHNO system are far 
from random; they show signs of definite organization. 

In summary, the M subsystem’s free-energy increase is decisively 
influenced—with regard to material flow—by energy-storing and pre- 
serving cyclic, autocatalytic reactions. 

As to the specific energy-storing capacity of the molecules in the 
M subsystem, in the CHNO system the compounds of low molecular 
weight can store relatively little energy because the H-O, H-N, H-C, 
etc., bonds at the chain ends of the molecules have small energy 
content. As the proportion of C-C, C=C, C-O-, C-N-, etc., chain- 
elongating bonds grows, the average molecular weight in the system 
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increases, and the storage of an increasingly greater amount of free 
energy becomes possible (Morowitz 1968). Consequently, the CHNO 
system shifts toward synthesizing giant molecules to reach the free- 
energy maximum. 

The two important free-energy increasing tendencies, therefore, 
are autocatalysis and the size of molecules. The latter, if only the 
covalent bonds are considered, has a definite optimal upper limit. For 
molecular weight over a few million, the molecules are extremely 
sensitive to simple physical effects; they readily disintegrate. How- 
ever, if not only covalent bonds but the variety of functional connec- 
tions involved in the energy interaction are considered, not the giant 
molecules but rather structures above molecular level—such as cells, 
organisms, ecosystems, etc.—represent the upper limit for the size of 
structures produced in the system since cohesion and bonding energy 
also manifest themselves in these higher structures. With this addi- 
tion a new assumption can be proposed: the M subsystem reaches its 
maximum free-energy content when all of its atoms become part of 
a system produced by an autocatalytic process and acting as a single 
functional entity. This structure will be a dissipative one and, if the 
parameters of the external energy flow remain constant, can be stable 
in the state of minimum entropy. 


Information parameters characterizing the evolutionary system 


Different energetic considerations, especially the models developed 
by the Prigogine school, specify the energetic boundary conditions 
of the evolutionary system on Earth as well as of systems in gen- 
eral that are capable of evolution. If an evolutionary system develops 
at all, it can function only within these boundary conditions. Un- 
fortunately, these models do not answer whether an evolutionary sys- 
tem’s emergence is indeed a necessity or only a phenomenon occur- 
ring under very specific circumstances. The question of the direction 
of evolutionary changes, apart from the changes of energetic states, 
also arises. Still more important, the nature of the organization of 
the complex system appearing in the course of evolution is still an 
open question. We have made a few steps toward understanding these 
questions—though not ultimately resolving them—while examining 
the reaction parameters. In those complex systems developing in the 
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course of evolution, a definite tendency for autocatalytic processes to 
prevail and for systems to become organized as functional units seems 
evident. A still better understanding of the problem can be expected 
by studying the information parameters of increasing complexity in 
the evolutionary system. 


The evolutionary zero-system 


One of the living organism’s specific features is the continuous (as- 
similative and dissimilative) chemical activity called metabolism. It 
is obvious from previous sections that the development of complex 
reaction networks preceded the emergence of life. Evolution started 
when conditions for development of a steady-state system had been 
established on Earth. The proliferation of compounds, starting with 
irradiation of the CHNOPS system, was the first step of deviation 
from equilibrium and of evolution. 

The concept of the zero-system of our model was introduced earlier. 
This is an intuitive concept, reflecting the state of a system exclu- 
sively characterized by thermodynamical parameters. A natural zero- 
system does not exist, of course; at most, there is only a loose ap- 
proximation of it. Nevertheless, by using the abstract concept of a 
zero-system we try to trace the emergence of organization and func- 
tion. 

From an organizational point of view we call the zero-system the 
“ground state” of the molecular system immediately preceding the 
start of evolution on Earth. The molecular zero-system should (a) 
contain a sufficient variety of reactive atoms that form chemical 
bonds (CHNOPS supplemented with metals, halogens, etc.), (b) have 
a temperature that never exceeds a limit (certainly below 100 C), and 
(c) be charged continuously with energy by the Sun’s radiation. Con- 
ditions on primeval Earth seem to have satisfied these criteria. It can 
be asserted on the basis of the laws of chemical kinetics and thermo- 
dynamics that in such a zero-system a series of chemical reactions 
immediately begins: more complex molecules are synthesized, ma- 
terial cycles develop, autocatalytic reaction chains appear, and mole- 
cules of a higher level of complexity (primarily various polymers) are 
formed. 

Although it is inferred from the zero-system’s thermodynamic pa- 
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rameters that synthesis of more complex molecules should start and 
that the system should contain increasingly complex structures, this 
does not allow us to draw definite conclusions about the specific fea- 
tures of molecular structures. 

If in a system that synthesizes macromolecules the produced mole- 
cules do not influence the probability of genesis of subsequent mole- 
cules, the structure of the molecules formed (the sequence of building 
blocks) will be determined exclusively by the system’s parameters, 
i.e., temperature, energy relations, catalysis, etc. Therefore, the in- 
formation content of these structures is called parametric informa- 
tion. It is known from model experiments that artificially synthesized 
proteins, with random distributions of amino acid sequences, show a 
divergent variety of catalytic activities (Roheting and Fox 1967). This 
activity is based on the chemical features of the amino acids, which 
themselves are capable of increasing the rate of various reactions 
(Capon 1964). This catalytic activity feeds back to the producing sys- 
tem and considerably influences the structure of the giant molecules 
produced. For example, it has been shown that from amino acids con- 
densing at higher temperatures, proteins of certain specific sequences 
are produced instead of ones with random distribution (Fox and Dose 
1972). This effect, which manifests itself in structure-shaping, will be 
called the protofunction of a given compound. 

According to our definition, a zero-system has no organization; 
therefore, there are no functions or components in it in the sense of 
our definition. But with the onset of molecular interactions, we have 
to consider these transient interactions. Our definition of function, 
however, is inseparable from the system’s organization, as molecu- 
lar interactions are regarded as functions only if we already have a 
second level of event-space. Until we can define the system’s organi- 
zation, we cannot define functions. This chicken-egg problem can be 
solved by introducing the concept of protofunction. Protofunctions 
are concerned with neither the organization of the system nor with 
the system as a unity, but with the interactions of individual compo- 
nents. 

If in a system that synthesizes macromolecules the physical pa- 
rameters result in polymers with randomly distributed monomers, 
then there are obviously no protofunctions of any kind. But if one 
of the polymers influences the incorporation of monomers, and as 
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a result new kinds of polymers are produced with structures that 
can be distinguished from the previous generation, then the action 
of a protofunction is manifested. The effect of a compound on the 
probability of genesis of another compound, without any particular 
structural changes, also is considered a protofunction. 

In a system synthesizing macromolecules of the slightest degree of 
complexity, protofunctions necessarily appear without requiring the 
fulfillment of any specific conditions. For example, reactions leading 
to the formation of complex molecules quite often feed from a com- 
mon pool of building blocks, and it is exactly this common pool that 
influences the structures and probability of the genesis of formation 
of complex molecules. That is, protofunctions emerge spontaneously. 
A similar finding has been published by Pattee (1965), who calls this 
period of evolution the phase of “molecular automata.” 

If the original parameters promote the formation of structures con- 
structed from building blocks in a random distribution, the proto- 
functions are formed at random even in the zero-system. Each proto- 
function starts to act as certain compounds appear, and they later 
disappear without trace; i.e., initially the protofunction content of 
the zero-system fluctuates at random. 

We have arrived at the most important part of our argument: in 
a zero-system the functional organization of the formation and decay 
of components immediately starts when an organizing agent appears. 
For example, if we place a single suitable bacterium into a “system” 
consisting of water, some inorganic salts, and simple organic com- 
pounds, in a couple of hours the system will be transformed; it will 
contain a huge mass of bacteria with complex, highly organized or- 
ganic materials. These changes occur at the expense of energy sources 
of our system, and all laws of thermodynamics prove to be valid. 
Nevertheless, it is a fascinating change brought about by an organiz- 
ing agent of some cubic microns in size. 

From the organizational point of view this change is very simple: 
the organization of the organizing agent itself is multiplied by bil- 
lions. That is, replication in space occurred; the organizing agent sim- 
ply replicated itself. An individual bacterial cell can spread its own 
organization by producing its own components in a large number of 
copies at the expense of the system’s material and energy sources. 
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The basis of its organizational effects or, to be precise, the necessary 
and sufficient basis is replication. 

The bacterial cell is a perfect organizing agent, but we cannot ex- 
plain the start of evolution by the sudden appearance of a bacterial 
cell because our aim is to explain the very appearance of such a 
highly organized system. This example, however, may help us work 
out a useful analogy. The concept of the system precursor has been 
mentioned. It is a minimal network of components that is able to 
maintain its own organization and also to transform an unorganized 
system into one of similar organization. By this criterium a bacterial 
cell is a system precursor, although it represents not a minimal but 
a complex organized network. Our task is to find or define the sim- 
plest possible system precursor that is able to organize a zero-system 
through the appearance of protofunctions and to reasonably establish 
its spontaneous appearance in the zero-system of Earth. 


Reproductive chemical networks 


In the previous sections we presented in detail the notion that in 
an open chemical system material cycles “energized” by the energy 
flows through the system would begin. We also have shown that in 
these systems only cyclic chemical reactions can exist for an extended 
time because any others quickly use up their supply of reactant com- 
pounds. Conditions for the emergence and existence of completely 
recycling chemical networks have been analyzed by King (1982). He 
found that if a reaction network includes at least two bimolecular 
reactions, complete chemical reproduction may emerge. It also is evi- 
dent that the reproductive chemical network (RCN) has to include 
reactions connected with processes that provide energy to maintain 
the material flow. Such a cyclic chemical network is not very com- 
plex, and King (1982) provides reasonable proof of its spontaneous 
appearance. 

A network suitable for chemical reproduction still may be open. 
Every reaction that takes material away from the network will de- 
stroy it, but reactions that join the chemical reproduction become 
part of the network, which is enlarged, though its organization re- 
mains unchanged (figure 10). 


48 Evolutionary systems and society 


Ss 
t 
° 


“~ 
wm” 


4 


| 
» 
° 


\ 


: ey 
OUTPUT 
hae ear a ge 
7, \ yi \ y h—t—g 
—=a h—g r=t 
Siecig poeeeg, Maes od * 
ND ee Ney, a! re 
—= k neo worry \ 
Me Ne een ee 
|—m ced z7~< 
f NS Pie 3 ® Input 
ds a Nmhias 
2: B 
S can hh 
h Oma 
yeh S yrs Re a 
Not causal hae 
pan aon 
@i-— | n'==of d’ 
f \ / 
\ 
m 
4 


®, 


Figure 10 Spontaneous emergence of reproductive chemical network. 


With the spontaneous appearance of reproductive chemical net- 
works, selective processes, which are a new feature of the system, 
also emerge. This selection is not Darwinian or competitive, which is 
well known in biology. The reproductive chemical network as a sys- 
tem, as a proto-organization, will select those processes that will not 
destroy the system. The environment of an RCN “offers” various sub- 
stances and possible chemical reactions, depending on its parameters 
and composition. Reactions that fit into the RCN without destroy- 
ing its cyclic reproductive organization can be incorporated, while 
others, which can effectively obstruct reproduction, will destroy it. 

The appearance of this kind of selective mechanism will make the 
RCN very sensitive to its environment, especially if there is only a 
single reproductive chemical network. Of course, it is possible, but 
quite unlikely, that the zero-system on the surface of Earth was a 
stable single unity only because of its sheer size. It is much more 
likely that the chemical zero-system compartmentalized before re- 
productive organization appeared. 


Molecular evolution 49 


Such a compartmentalization process was analyzed by Matsuno 
(1980) on theoretical grounds. It also was shown empirically by vari- 
ous experiments that in the primitive ocean of Earth, “microspheres” 
or “protocells” may have been formed, for example, by random poly- 
merization of simple amino acids (Fox 1973, Yanagawa and Egami 
1980). These microspheres could have been suitable carriers of ap- 
propriate RCNS. Koch (1984) elegantly proved that without compart- 
mentalization, a replicative system is unable to evolve. It also is quite 
evident that in the zero-system the process of compartmentalization 
created an enormous amount of unorganized complexity that was 
necessary for further evolution. 

In his work on self-reproducing automata von Neumann (1966) sug- 
gested that there was a critical level of complexity below which a sys- 
tem would fall apart because of the environment’s disturbing effects. 
Alternatively, above this critical level the system’s complexity may 
increase. Only one microsized compartment is very likely under the 
critical level of complexity, but the whole zero-system of Earth is 
certainly above it. 

The idea that the emergence of RCNs occurred in microsized com- 
partments is well supported. If RCNs were localized in tiny compart- 
ments, then they also could have existed simultaneously in great 
numbers (10° — 10%*°). Thus besides the above-mentioned organiza- 
tional selection, competitive Darwinian selection processes started 
to operate, which could strongly promote the system’s evolution. For 
the simultaneous emergence of both these mechanisms, a system of 
sufficient complexity is required. 

One interesting question: is the primitive proto-organization ex- 
pressed in the RCN the only possible type of organization, or are 
there a variety of other organizational types that are theoretically or 
empirically possible? The answer seems simple. The organization of 
RCNS is a reproductive organization by definition. It is the organiza- 
tion of being; therefore, it precedes any other kinds of organization. 
Any organization that cannot maintain itself is only temporary and 
irrelevant to evolution. The meaning of the concept of organization 
is relevant only if there is a teleonomic goal or function to which 
organization can be assigned. A complete description of organization, 
therefore, must describe some goal or function. As a consequence, 
the descriptions of apparently simple organizations are highly com- 
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plex because they can be represented only on multilevels. The goal or 
function of RCN’s organization is in itself; it can be expressed by the 
verb “to be.” Any concrete mechanism that is capable of “being” is 
suitable for the given goal. Therefore, an organization of “being,” ex- 
cept for certain limits, permits enormous variability, which is clearly 
showed by the rich variety of living organisms. Scientists, arguing 
against the idea of the spontaneous origin of life, have shown, on 
the basis of various statistical considerations, that the probability 
of an organization like that of a living cell emerging from simple 
compounds is negligible—practically zero (Wigner 1961). These argu- 
ments are rather uninteresting because the organization for “to be” in 
an RCN is not necessarily complicated; any cyclic chemical reaction is 
enough to create one, and if it already exists, then it can evolve very 
quickly helped by the promoting effect of the above-mentioned selec- 
tion processes that appear in the complex zero-system. (See Kampis 
and Csanyi 1987b for an investigation of some properties of reproduc- 
tive functional networks by computer simulation.) 


Replication, replicative information 


The reproductive chemical network is not a component system ac- 
cording to our earlier definition because its constituent compounds 
have no functions and therefore are not components. Reproduction 
of an RCN is realized through the spontaneous reactions of its mole- 
cules, and the existence of the whole cycle depends on reaction rates. 
There are no controlling structures and processes in an RCN to make 
the “system” independent of reaction rates, which could make repro- 
duction replication. 

When a simple substance, a vitamin or an amino acid, is removed 
from a bacterial cell’s environment, its growth immediately stops. 
But the cell’s reaction network can resist breakdown and the cell 
can live for a long time because while “fasting” various controlling 
systems are activated and the whole network of the cell’s metabo- 
lism is channeled into a special kind of “parking state.” So a bacterial 
cell’s system is able to modify and reorganize the behavior of its own 
reaction network and defend itself to a limited extent against envi- 
ronmental effects. 

The maintenance of a network of reactions without controlling 
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systems is based on coordination of the various reaction rates. Thus 
it is unable to protect itself and is highly unstable. 

It was noted earlier by Pattee (1977) that a stable replicative system 
can emerge only if it separately contains its own description, which 
acts as a controlling mechanism. An RCN obviously is not such a 
system. 

In my opinion, the major transition between chemical and biologi- 
cal evolution is therefore represented by changes that are manifested 
by the appearance of components carrying functions that also consti- 
tute a unified replicative organization, replacing the simple reproduc- 
tive structure of the early RCNs and embodying the description of the 
system itself for control and maintenance. All conditions for such a 
transformation are present in the zero-system. Formation of a com- 
plex but in some parts orderly system is possible in accordance with 
the laws of thermodynamics. The energy flow necessary for creating 
such a system is available, and the spontaneous formation of RCN pro- 
duces the organizational agent that is able to create an organization 
higher than itself through its own transformation. The reproductive 
chemical network therefore is an autogenetic system precursor. 

We have to note again that the appearance of RCNs, which are just 
physical microcompartments of the zero-system, represents a kind of 
order in the system because these microcompartments are very much 
alike, at least at the beginning. But when they gradually undergo the 
strong effects of Darwinian and organizational selection processes, 
they become different; that is, a kind of complexity arises in the 
zero-system. Order and complexity arising simultaneously result in 
organization. 

Organizational selection, which will be called replicative selection 
for reasons detailed below, results from the reproductive organiza- 
tion of the RcNs. According to King’s studies, this organization may 
be very simple because it requires only a cycle of a few simple com- 
pounds, maintained at the expense of an outside energy source. In 
spite of its simplicity, however, such a reproductive cycle represents 
a very powerful organizing agent. It was mentioned that the various 
compounds of the zero-system can have protofunctions. During the 
creation of an RCN various compounds of the most different proto- 
functions may participate in the network. Compounds that through 
their protofunctions lead the network toward stability carry real func- 
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tions, as they have been defined in our model, and therefore these 
compounds become components, and the organization of an RCN may 
transform from reproduction into replication. 

In addition to being promoted by replicative, organizational selec- 
tion, this transformation is promoted by a competitive, Darwinian 
selection. In the first phase of selection the primary stability of the 
reaction network is the most important parameter. Each compound 
that enters the network and contributes to its stability through its 
function becomes an integrated member of the RCN. Selection of com- 
ponents takes place based not only on reaction rates but on a higher 
level of selective conditions. The condition of replication appears and 
acts to coordinate the functions of components, and thus it represents 
a primary condition for survival; i.e., it is the starting point of the 
new, replicative organization. 

Transformation of the system from reproductive to replicative orga- 
nization, transformation of the compounds selected on the basis of 
their reaction rates of production, and transformation of the proto- 
functions of the components to real functions seem to be possible, 
and we can assume this process is spontaneous. Most probably this 
transformation is gradual and is not immediately accompanied by 
the formation of genes and the apparatus of protein synthesis with 
precise replicative properties. 

Behavior of the primitive RCN depends on the reaction rates of the 
production of its compounds. The new functional organization that 
emerges within it requires concrete “mechanisms” for controlling the 
rates of the chemical reactions. This was realized by the appearance 
of compounds with catalytic activity. Many proteins of modern cells 
are just such catalyzers. It also is evident that a catalyzer stabiliz- 
ing the RCN must be formed continuously, and this can be achieved 
only through reactions that themselves are parts of the RCN. As soon 
as the RCN begins to produce catalytic components, functional infor- 
mation emerges in the system. The simple but highly active organi- 
zation of RCN begins to transform the parametric information con- 
tent of the zero-system into replicative information. With advancing 
time the initially 100 percent parametrical information content of 
the zero-system begins to decrease, and at the same rate the replica- 
tive information content begins to increase. This is the early phase of 
evolution’s most important process. 
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Replicative information can be viewed as a set of prescriptions, or 
an algorithm, controlling the chemical reactions within the system 
so as to achieve the whole system’s complete replication. The replica- 
tive algorithms are special constraints, formed above the level of the 
physical and chemical processes; they control the lower levels and 
harness their processes, according to the prescriptions of the new, 
higher level. 

The ontogenetic complexity of matter is infinite and can only be 
approximated by models, the semiotic complexity of which can be 
perceived and understood by the human mind. The replicative infor- 
mation itself represents this kind of semiotic complexity. Therefore, 
the realm of biology can be completely understood. 

In the course of gaining knowledge about life, knowledge of repli- 
cative information exhausts the biological information content of the 
system. It harnesses only a negligible part of its total ontogenetic 
complexity. The biological world has been increasingly separated 
from the physical world in the course of evolution because of the 
actions of replicative information. It creates its own laws in the form 
of algorithms subordinated to replication. Separation of the biological 
and physical world cannot be complete because the biological sys- 
tem’s simplest components are physical entities. We never can under- 
stand the physical world in its totality, and therefore we never can 
create a physical world; but algorithms of biological and social sys- 
tems can be completely understood. Such systems, in principle, can 
be reproduced in the laboratory and, if necessary, created in various 
new artificial forms. 

For understanding molecular evolution it would be very important 
to reproduce the very first steps of chemical evolution in the labora- 
tory. There are many promising experiments in this direction, and a 
short overview follows in the next section. We want to note, how- 
ever, that experiments in the laboratory never can replace thinking 
and vice versa. It is a very important task of theoretical biology to 
clarify the problems expected to be solved by experiments; but if we 
have a good theory, the problem is almost solved. Without the right 
idea, even the best experimenter is only groping in the dark. 
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The phase of molecular evolution 
The phase of nonidentical replication 


The replicative information content of the RCNs originating in the 
zero-system is relatively low, practically zero at the initial moment. 
As soon as replicative selection and competitive selection begin to 
act, the ratio of replicative information starts to increase. 

The replicative fidelity of early chemical systems is most proba- 
bly very low. Side reactions produced by spontaneous fluctuations 
may “drain” the developing autocatalytic cycles, which results in the 
highly inaccurate replication of the whole system and its individual 
components. The replicative cycles are not exactly circular but rather 
have the character of an advancing spiral. If replicative fidelity is 
expressed as a numerical value between 0 and |, in this stage it is cer- 
tainly not close to |. Thus this stage of evolution from the zero-system 
should be called the phase of nonidentical replication. Mathematical 
studies by Richardson (1976) showed that replication may become 
stabilized as an organization if its fidelity is somewhat higher than 
0.5. Therefore, we may assume that the replicative fidelity of RCNs 
was at least this high and began to increase from this value in the 
phase of nonidentical replication. 

Perhaps we should note here that in further discussion the concept 
of system occasionally will be applied to the subsystems of the zero- 
system—to such RcNS. This will not mean, however, that events in 
the subsystem can be artificially detached from events of the whole 
system. With the formation of RCNs two levels of events and there- 
fore two levels of organization were created. The various thermo- 
dynamical and organizational considerations are valid on both levels. 
Replication of a microcompartment is understood as the replication 
of all components belonging to the microcompartment, but through 
replication of the microcompartments the whole system also is repli- 
cating. An arrangement similar to the “Russian doll” is formed. The 
RCN as a higher organizational unit than the participating individual 
compounds is a component of the zero-system, and the components 
of the RCNs are the components of both the Rcns and the zero-system. 

A long experimental search for compounds and chemical reactions 
that could have been the components of reproductive chemical net- 
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works is taking place. On the basis of evolved biological systems, three 
lines of investigation are most preferred. Some scientists assume that 
even the most primitive reproductive systems must contain nucleic 
acids (see, for example, Eigen and Winkler-Oswatitchs 1981, Bloch 
et al. 1983). By simple deduction they propose that the “first com- 
ponent” starting evolution was a kind of tRNA, transferring amino 
acids to the site of protein synthesis. This approach can be questioned 
because, as we have discussed, it is highly improbable that a single 
compound could be enough to start evolution; for that to happen, an 
organizing agent and a chemical network are required. 

In evolved biological systems specific enzymes are necessary for the 
replication of nucleic acids. To avoid this problem, it is frequently 
assumed that the primitive RNA also has had some kind of enzyme 
activity (Brewin 1972, White 1976). This assumption would give a 
simple explanation for the joint evolution of RNa’s catalytic and tem- 
plate (self-copying) activity. Recently RNA was found in living cells 
that actually have some catalytic activity (Zaug et al. 1983), sup- 
porting this assumption. This line of thought also is supported by the 
finding of conditions under which nonenzymatic, template-directed 
RNA synthesis becomes possible (Inoue and Orgel 1983). On the other 
hand, the fact that no one has been able to produce nucleotides in 
aqueous solutions without specific enzymes contradicts the whole 
idea, and there are doubts that it can be done (Shapiro 1984). 

Another tendency is to say that protein synthesis came first. This 
view was well articulated by Fox and his school (Fox 1973, 1980, 
1984, Matsuno 1983, 1984). It is supported by the observation that 
proteinlike polymers can be produced by heating diluted solutions 
of various amino acids. The polymers form small spherules, and it 
is easy to imagine that these microspheres may serve as compart- 
ments for RCN systems. The main problem with this approach is 
that template-directed processes in which proteins serve as templates 
are not known. (See an interesting theoretical assumption by Root- 
Bernstein 1983.) Although simple polypeptides influence the process 
of their own polymerization, this is not a template mechanism. The 
polypeptides produced by heating contain amino acids in highly non- 
random sequences, and the individual polypeptides are built up from 
only a few amino acids, even when a solution of a varied composi- 
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tion is heated. It is quite possible that this “self-sequencing process” 
discovered by Fox (1984) is really an important evolutionary mecha- 
nism, but we certainly need further convincing experiments. 

The third line of investigation centers on the joint reactions of 
nucleic acids and protein synthesis. A reaction complex is searched 
for which makes possible the formation of a joint feedback-controlled 
system for both RNA and protein synthesis (Lesk 1970, Brack and 
Orgel 1975, Crick et al. 1976, Olson 1981, Ishigami et al. 1984). 

Characteristically the search for evolution’s chemical bases misses 
the advantages of proper system-thinking. Most researchers are look- 
ing for concrete mechanisms, for concrete compounds, and not for 
conditions of reproductive and later replicative simple systems. 

The way to success may be to try a deductive approach. In pre- 
sently evolved biological systems there are replicative mechanisms 
characterized by the following conditions: 

(a) In addition to replication of the whole system, specific mole- 
cules such as RNA and DNA are replicated. 

(b) The replication process occurs through the action of specific 
enzymes, that is, protein polymers. 

(c) There is feedback between the protein and nucleic acid synthe- 
sis in the form of the genetic code. 

(d) For entering individual amino acid molecules into the machin- 
ery of protein synthesis, the contribution of specific RNAS is necessary. 

(e) Both RNa and protein synthesis use energy that is provided by 
phosphorylated nucleotides that play a universal energy-transferring 
role in cell metabolism. 

Recent results in molecular biology show that the various mecha- 
nisms mentioned above are highly complex, and it is difficult to sup- 
pose that within early reproductive chemical networks they could 
have appeared simultaneously in their present forms. If we look for 
the most simple processes and compounds connecting these mecha- 
nisms, we find there is a common compound—the adenine—partici- 
pating in each of them. Adenine nucleotides are the building blocks 
of both DNA and RNA molecules. Various adenine derivates are co- 
enzymes and contribute to the catalytic effects of proteins. In pro- 
tein synthesis the first step of amino-acid activation is the formation 
of an aminoacyl-adenylate; i.e., amino acids can enter the proteins 
only bound to adenine. The cell’s most important energetic processes 
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are connected with adenine-containing nucleotides like ATP or ADP. 
Other derivates of adenine—cyclic AMP, for example—play an impor- 
tant regulatory role in cell metabolism. There is no better candidate 
for a unique compound in evolution than the adenine, and the search 
for the most primitive chemical reproductive systems must be con- 
centrated on adenine derivates. 


Complex chemical systems, supercycles 


Even if identification of concrete compounds participating in the first 
reproductive chemical networks is far ahead of us, several remark- 
able studies deal with the organizational problems of complex model 
systems at the border between biology and chemistry. Among these, 
the most important is Ganti’s “chemoton model.” The self-replicating 
chemoton model consists of three functionally connected subsystems: 
an autocatalytic component-producing network, a polymer-produc- 
ing network operating in a template mechanism, and a chemical net- 
work that produces a kind of primitive membrane that envelops the 
previous two (Ganti 1975, 1977, 1980). Computer simulations show 
that the chemoton system is highly stable, and it is able to grow and 
reproduce (Csendes 1984). The theory behind the chemoton model 
provides convincing evidence that all three subsystems might form 
on primeval Earth. 

As was discussed, the evolution of present biological systems from 
one unique system of compounds, although theoretically not impos- 
sible, is very far from being proved. At our present state of knowledge 
it is more reasonable to assume that various chemical networks have 
evolved independently, and at a later stage they have begun to co- 
operate and unite (as described in the chemoton model). 

Eigen (1971) studied a more developed stage of molecular evolu- 
tion. He started off assuming that a molecule capable of replication 
already existed and analyzed the effect of mutation and competitive 
selection on its structure. The impressive mathematical apparatus 
used made this investigation well known and respected. Unfortu- 
nately, the author never has dealt with the replicating molecule’s 
origin (see one of the modest criticisms by Ferracin, 1981). Recogni- 
tion of the necessity of cooperation among the closed, cyclic replica- 
tive processes (Eigen and Schuster 1977, 1978a, 1978b) is a valuable 
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by-product of this work. Eigen and Schuster call these cooperative 
replicative cycles hypercycles and consider their emergence as a con- 
sequence of competitive selection and the special hyperbolic kinetics 
of the replicative processes. (For the latest developments in hyper- 
cycle theory, see King 1981 and Miuller-Herold 1983.) The hypercycle 
is based on a special mathematics and strongly differs from our super- 
cycle, which is an organization of coreplicating compartments. 

In my opinion, we need to explain the origin of both the topologi- 
cally connected compartments and the organizationally connected 
supercycles. Replicative selection has played an important role in the 
formation of compartments and supercycles. In the phase of early 
evolution when replicative information was already present and repli- 
cative organization started to act as a selective force, functions of 
an organizationally higher type emerged. So far function has been 
defined in connection with components as an action by which a sys- 
tem’s component is able to influence the probability of genesis or 
survival of another component. However, as a consequence of the 
above-mentioned nested nature of the biological system and its com- 
ponents, not only components within each individual RCN subsystem 
influence the probability of one another’s genesis, but organization of 
a higher level emerges and RCNs, as components of the zero-system, 
begin to influence the probability of one another’s genesis. This new 
interaction causes the appearance of functions through which an in- 
dividual RCN is able to influence others in the interest of its own 
survival. These new functions belong to whole subsystems (RCNs) 
and not to separate components. Thus the description of these new 
functions must occur on two different levels, and the emergence of 
the higher level is an addition to the already existing molecular and 
“system” levels of the RcNs. This higher level of organization is ex- 
pressed as a connection among various RCNS, and it directly causes 
the formation of the supercycles that are inseparable from the devel- 
opment of compartments of various natures. 

To summarize: the information content of the whole zero-system 
grows during the nonidentical phase of replication because of replica- 
tive selection. Due to the emergence of new organizational levels, sets 
of components become diverse and separated topologically. These sets 
act as new unities and are called compartments. The whole process 
can be viewed as the compartmentalization of replicative information. 
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Responding to the effect of compartmentalization and Darwinian 
selection, the fidelity of replication continuously increases within 
compartments, i.e., in individual RcNs. Gradually, control mecha- 
nisms develop, and the fidelity of replication slowly approaches unity. 
This phase is reached at the end of a period of nonidentical replication 
with development of the genetic code, the mechanism of identical 
replication. 


Formation of the genetic code and 
the phase of identical replication 


Ever since the genetic code was understood and its universal im- 
portance recognized, evolution of the code system has been widely 
studied (Crick 1968, Orgel 1968). The two main questions—what was 
the mechanism of evolution of the code, and why did this type of code 
system happen to evolve?—are still open. Theoreticians propose the 
most diverse solutions to these questions. According to Woese (1967), 
the pivotal factor in the code system’s development is the affinity 
between different amino acids and nucleotides. This assumption is 
vigorously debated, but recent data show that there is a strong cor- 
relation between the hydrophobicity of individual amino acids and 
that of the anticodons of their respective tRNA (Lacey and Mullins 
1983). 

Essentially the “dictionary extension” theory assumes that a 
smaller number of amino acids originally were coded, and incorpora- 
tion of new amino acids into the protein-synthesizing machinery was 
made possible by the present-day three-letter code system’s evolution 
(Crick 1967, Jukes 1967). The theory, known as “ambiguity reduc- 
tion,” appears to be the most firmly based. It contends that, initially, 
groups of amino acids were coded by respective groups of codons, and 
later under selective pressure a finer distinction within the groups de- 
veloped (Fitch 1973). Eigen believes that the code system developed 
completely by chance (Eigen 1971). 

Besides the development of the code system, great attention focuses 
on the evolution of the mechanism of protein synthesis, with special 
reference to the roles of tRNA and ribosomes (Crick et al. 1976, Bat- 
chinsky and Ratner 1976, Ratner and Batchinsky 1976, Mizutani and 
Ponnamperuma 1977). Among diverse theories, the most promising 
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are based on experimental data that try to account for the physico- 
chemical connections between the structures of protein synthesis, 
i.e., proteins, amino acids, and nucleotides. 

The accuracy of replication through the genetic code system’s 
mechanisms reached a maximal level very early and has remained 
close to that level for billions of years (Kimura and Ohta 1971). In the 
case of replication of nucleic acids this means one replicative error 
in about every ten to every 100 million pairs of nucleotides (Drake 
1974, Watson 1976). A more accurate replication would be a selective 
disadvantage (Maynard-Smith 1978). 

After examining the genetic code in some detail, another very im- 
portant mechanism—recombination—which assures the accuracy of 
replication by removing whole sets of inaccuracies from the genetic 
pool of a species can only be mentioned here. 


The consequence of identical replication: convergence 


As a result of identical replication, changes in structures that provide 
various selective advantages became irreversibly fixed in the system’s 
components. In the phase of nonidentical replication, divergence 
was the most characteristic feature of evolution, as the individual 
components were highly variable and a great variety of new struc- 
tures appeared. In the phase of identical replication, the functional 
synchronization of the supercyclical units continues within the com- 
partments. Thus variability decreases, and a kind of convergence of 
the control systems evolves. The divergent and convergent phases of 
molecular evolution have been outlined by Kuhn (1976). As a result 
of convergence, the different replicating components become even 
more tightly connected; functions also become more coordinated; 
and, finally, the cooperating components form a new replicative unit. 
The new replicative unit identically reproduces its own structural and 
functional information content in each replicative cycle. This is the 
point where the compartment reaches its most stable state. 


Parametric and functional information 
in proteins and gene duplication 


Since the amino acid sequences of numerous proteins became known, 
efforts have been made to gain information concerning the mecha- 
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nisms of evolution from the amino acid sequences of specific proteins 
of different species. The functional information content (loosely re- 
sembling our definition) of proteins is an accepted concept. Generally, 
the sections of the polypeptide chain containing amino acids crucial 
for a given protein’s catalytic or other function are almost uniform in 
the different species. Namely, in these segments the number of “ac- 
cepted” mutations is very low. At other parts of the chain a variety of 
substitutions might occur. Based on these data, a kind of “functional 
density” of a given protein can be calculated. This is very high, for 
example, in histones, and low in the case of immunoglobulins. 

Zuckerkandl (1976a, 1976b) makes a distinction between “func- 
tional” and “general” information; namely, general information is 
carried by amino acids that are not directly necessary for the specific 
function of the protein but account for its “general” properties such 
as solubility, surface charge, etc. 

There is an obvious analogy here with my notions of functional 
and parametric information introduced earlier. Holmquist and Moise 
(1975) compared the amino acid composition of a series of proteins 
to a random composition calculated from the code dictionary. They 
found that the real amino acid content of proteins differed from a 
random distribution; moreover, the difference was nearly the same 
within each protein family. They attributed these deviations to the 
information necessary for function. It seems that this also is an exam- 
ple of the dichotomy of parametric and functional informations. In 
proteins, therefore, parametric information can be calculated from 
the code dictionary. A study of the protein cytochrome-C proteins 
isolated from presently existing species has shown that the density 
of functional information increases and at the same time “evolution- 
ary noise” decreases in the course of evolution. The “expression” of 
cytochrome-C becomes simpler in higher organisms (Reichert et al. 
1976). These results support the concepts of parametric and func- 
tional informations, which we introduced earlier. 

With the development of the genetic code, the parametric informa- 
tion content of nucleic acid molecules changed decisively. It can be 
calculated best by comparing it to a uniform nucleotide distribution 
based on the code dictionary. Any deviation from this distribution 
indicates the appearance of functional information. 

The phenomenon of the “evolutionary clock,” widely discussed in 
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the literature, as well as the related theory of neutral mutations 
should be treated here, even if only briefly. On the basis of biochemi- 
cal data it appears that, considering a longer period of several hun- 
dred million years, the mutations of DNA of various species occur 
at a constant frequency, independently of the speed of evolution of 
the relevant species assessed from morphology or other phenotypi- 
cal characteristics. For example, frogs have retained their original 
morphological features for about 150 million years; still, their various 
proteins change at the same rate as those of mammals, which have 
evolved only in the last 80 million years and are in a period of ex- 
tremely fast evolution (Fitch 1973, Wilson et al. 1977). According to 
the neutral mutation hypothesis, this is due mainly to the indiffer- 
ence of most of these mutations from the standpoint of an organism’s 
survival (Kimura 1968, 1969, 1977). 

Here it is important to point out that the neutral hypothesis of 
mutations and the implications of parametric information concerning 
the protein structure are not contradictory. The parts of the structure 
containing parametric information do not contain functional infor- 
mation; consequently, they are hardly subject to selective influences. 
Their mutations might be caused by the random fluctuations of pa- 
rameters. 

Also there is no contradiction between the hypothesis of neutral 
selection and that of competitive selection, if we assume that the 
latter is only one kind of possible selection type. As we have dis- 
cussed, we must consider at least two selection types. One of them, 
beyond doubt, is competitive selection. The other is replicative se- 
lection, which is a more general phenomenon because it removes all 
changes from the system that do not fit into or inhibit the replicative 
mechanisms. Since it removes only the negative changes, it permits 
all others not harming replication; that is, it permits neutral muta- 
tions. Replicative selection continuously increases the choice of com- 
ponents. It seems that competitive selection is a tuning mechanism, 
which makes finer adjustments, compares the already fixed variants, 
and under restrictive conditions (restricted space or resources) allows 
the fittest to survive. We will return to this question in the discussion 
of problems of macroevolution. 

The relative steadiness of the “evolutionary clock” could result 
from the ultimate genomic fixation of every evolutionary change at 
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levels above the genome, i.e., the cell, organism, or ecosystem level. 
Accordingly, the nucleotide sequence of DNA contains information 
concerning not only the functions of proteins inside the cell, but the 
corresponding structures and behavior of higher levels. Even when 
evolution has finished at a lower level, further changes on higher 
levels keep moving the “evolutionary clock” until the whole terres- 
trial system reaches an evolutionary equilibrium. Then the “evolu- 
tionary clock” will probably stop. 

Concerning the question of the general trend toward increasing 
replicative information, some stimulating ideas are provided by the 
theory of gene duplication. For a long time it has been argued that the 
exchange, deletion, or addition of nucleotides as the only source of 
mutation can completely account for evolutionary variability. Today 
we know that it cannot. In addition to point mutations, several 
mechanisms are known to be essential sources of variability. The most 
important among them is gene duplication. It is assumed that during 
evolution some genes, eventually a complete genome, may duplicate 
due to some mutagenic effect. One copy performs its original func- 
tion, while the other, released from the selective pressures of com- 
petitive selection, goes through a series of mutations and gains new 
functions, thus enriching the adaptive possibilities of the organism 
(Ohno 1970). 

By examining the amino acid sequences of proteins it is possible to 
draw conclusions regarding gene duplication. This has been shown in 
regard to the most diverse proteins (Woese 1971, Reek et al. 1978). 
Computer analysis of the amino acid sequences of proteins appears 
to prove the role of gene duplication (Barker et al. 1978). Complete 
genome duplication has been demonstrated in prokaryotes, namely, 
in Mycoplasms (Wallace and Morowitz 1973), in E. coli (Zipkas and 
Riley 1975), and in eukaryotes in which this phenomenon has been 
known for about seventy years (Ohno 1970, Markert et al. 1975). Gene 
duplication is actually a very interesting form of the increase of repli- 
cative information. The only special event during gene duplication is 
that the replicates of the genes produced in the replicative cycle do 
not separate but remain together in the cell. Their further replication 
continues undisturbed since both have equal replicative information 
content. The information in one of the replicates remains unchanged; 
the other one changes the specificity of its functions through a series 
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of mutations but retains its general replicative function (replicative 
selection in action!) —and so the transformation of a specific function 
is made possible. For the cell as a replicative unit, gene duplication 
means an increase in the amount of information-containing struc- 
tures. The subsequent series of mutations leading to the new function 
decreases redundant replicative information that arose due to gene du- 
plication. The new functional information replacing the redundancy 
further increases the cell’s complexity. This phenomenon completely 
agrees with the notion that replicative information is continually in- 
creasing through evolution. Potentially, each replicative cycle—i.e., 
each cell division—can be a starting point of an Ohno process. The 
duplication of the cell’s genome is only a first step in the development 
of a more complex structure. This can be followed by a division, so 
that there is no second step, or a second step in which the duplicated 
genome remains partially or completely together. The growth of func- 
tional complexity requires further mutations. It is obvious that the 
above process requires a closed space, a trend of compartmentaliza- 
tion, and convergence. In a spatially open system convergence cannot 
develop; thus compartmentalization, being the result of forces mani- 
fested in the functions of molecules, provides the conditions for the 
development of convergence. 

A most interesting phenomenon, which cannot be explained by 
competitive selection, was recently discovered. Certain sequences of 
DNA were found to occur in numerous identical copies scattered in 
the whole genome. Two kinds of such “anomaly” have been found. 
The so-called “short repetitions” consist of less than five hundred 
nucleotides and occur in 10,000 to 100,000 copies per genome. The 
“long repetitions” may be longer by an order of magnitude, and the 
number of copies is about the same as in the short repetitions. Ever 
since the discovery of this curious feature, its biological function has 
been sought, especially as the genome of the higher animals contains 
repeated sequences in 5 to 30 percent of the total genome. How- 
ever, even the most thorough research for phenotypic expressions of 
these repetitious DNA sequences has been unsuccessful. Theoretical 
research also has started, and many brilliant speculations have been 
published (Orgel and Crick 1980, Doolittle and Sapienza 1980, Dover 
and Flavell 1982). The most fascinating one seems to be the idea of 
functionless, “parasitic” DNA. It is difficult to explain why competi- 
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tive selection has not removed these functionless sequences. The eco- 
nomic argument that it costs the cell nothing to produce these pieces 
is not very convincing. Some researchers consider these segments to 
be the structural bases of new enzymes or other proteins that may 
evolve in the future (Ohno 1984). Although this is not impossible, 
the idea seems to contradict Darwinian selection theory, since it sug- 
gests the fixation of a character that carries only a future use for the 
organism. 

The presence of parasitic DNA can be explained on the basis of 
replicative selection theory. All those changes that do not harm the 
replicative process may be incorporated—inserted into the genome. 
The emergence of parasitic DNA segments is just this type of change. 
Both replicative selection and competitive selection mostly affect the 
structures necessary for replication because of their very function. 
Structures replicating accurately, but having no function, do not dis- 
turb the process of replication as long as their proportion in the 
genome remains under a certain limit. An organism with 90 percent 
functionless DNA probably could not survive because if the absolute 
size of the genome is kept under certain limits, there would not be 
enough functional DNA. 

The repetitive DNA sequences are in a Certain sense carriers of the 
“clearest” replicative information because it has no other function 
but to participate in the replication. 


The autogenesis of the cell 


The cell is the final, most organized product of the first level of evo- 
lution. The spontaneous autogenetic process that has led to the cell 
can be summarized as follows: 

In the thermodynamically open zero-system of primeval Earth ma- 
terial flows excited by the energy flows of the system begin and spon- 
taneously form simple autocatalytic reproductive chemical networks 
(RCNS). RCNS are very effective organizing agents; they are precur- 
sors of more developed systems. Production of compounds becomes 
controlled; protofunctions of the compounds evolve to functions; and 
the compounds evolve to components. Simple chemical reproduc- 
tion evolves to replication. As the fidelity of replication grows, func- 
tional connections among components become increasingly “tuned,” 
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and compartments (sets of components that replicate together) are 
formed. The replicative information content of the whole system con- 
tinuously increases. 

In the replicative network formed in the final product—the cell— 
DNA Carries a description of the specific constraints necessary for rep- 
lication. Most of the replicative information is concentrated in DNA. 
All other parts of the cell may be viewed as a constructor that inter- 
prets the replicative information and constructs the whole replicative 
network. 

The size of the compartments is determined by the forces of molecu- 
lar interactions, i.e., the constraints on the molecules. The critical 
distance is not longer than a few centimeters, the distance from which 
two molecules can influence the probability of each other’s genesis. 
The final compartments of molecular evolution, the cells, may not be 
larger than the size determined by molecular forces; actually, most 
of them are smaller. Since the volume of the cell compartment is 
several orders of magnitude smaller than the volume of the whole 
zero-system on the surface of Earth, a great number of different cells 
could evolve in the early zero-system. 

The cell, as a “system,” represents an almost closed network of 
components and component-producing processes, which in turn con- 
tinually produce the same network. For maintenance of the cell, sev- 
eral thousand kinds of molecules have to be produced continuously 
in a concerted process, and production of the same set of molecules 
is also necessary for reproduction of the cell. Therefore, the cell’s 
maintenance and reproduction are based on replication of molecular 
components in time and space. 

The cell’s evolution, having reached the final phase of convergence, 
has been completed. For example, E. coli has developed in the in- 
testines of mammals and is known to have existed in an unchanged 
form for some 10 million years; that is, its inner structure with its 
unchanged quality has a durability comparable to many geological 
formations. The essence of the replicative information’s convergence 
is this extreme inner stability. It is no contradiction that a cell may 
change in any phase of convergence for external reasons. A conse- 
quence of the inner stability of a cell is that as its “external” stability 
decreases, its existence becomes more and more dependent on the 
constancy of external parameters. 
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We must note here that the above description of the cell’s final 
state largely agrees with the autopoietic model (Varela et al. 1974, 
Zeleny 1977). However, the authors of that model have neither used 
the concept of information nor analyzed the question of the origin 
of autopoietic systems, which is the very subject of our study. Auto- 
poiesis is the model of cell maintenance, and in its present form it is 
unsuitable for analyzing evolutionary processes. Our theory of auto- 
genesis, however, serves as a model for studying the evolutionary 
development of cells and other systems (Csanyi and Kampis 1985). 


The autogenesis of eukaryotes 


Conditions for life following the emergence of replicating cells 


Until recent decades the evolution of cells was a neglected area, 
mainly because the search for fossil remnants of cells had been un- 
successful and also because biochemical and molecular-biological 
methods suitable for finding traces of the evolutionary process in con- 
temporary cells were only recently developed. 

For a long time biologists were convinced that two basic types of 
cells existed: prokaryotes, i.e., cells without nuclei, which were con- 
sidered a more primitive type; and the larger, more complex eukary- 
otes having special membranes that enclose the distinct nuclei and 
other cell organs. 

The prokaryotes are small cells (several micrometers in diameter) 
shaped like spheres or rods and covered with a membrane envelope 
and a cell wall. DNA and ribosomes, which are the sites of protein 
synthesis, are swimming freely in the cytoplasm. The eukaryotes 
are larger cells, sometimes discernible to the naked eye. DNa is dis- 
tributed in chromosomes that also contain some proteins and RNA. 
The chromosomes are located in the cell nucleus, which is separated 
from the cytoplasm by a nuclear membrane. The eukaryote cells may 
contain some of the various cell organelles, e.g., mitochondria that 
are the organs of cell respiration, or in plant cells, chloroplasts, the 
cell’s organ for photosynthesis. The ribosomes of the eukaryotes are 
bound to a special membrane, the endoplasmic reticulum, and many 
eukaryotic cells have Golgi organs that are responsible for excretion. 
The baglike lysosomes are digesting organs, and the centrioles move 
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and arrange the chromosomes during cell division. Generally, even 
the simplest eukaryote is more complex than any prokaryote. 

There is a further addition to these basic morphological differ- 
ences: prokaryotes multiply simply by the cell’s division, while in 
eukaryotes, besides cell division, sexual forms of propagation have 
evolved (although there are some similar processes, such as conjuga- 
tion, transformation, or transduction in prokaryotes, which also can 
be considered the most primitive forms of sexuality). 

The eukaryotic cells are capable—at least in certain phases of their 
life—of going through meiotic cell division to form sexual cells. The 
sexual cells contain only one-half of the complete set of the nor- 
mal cell’s chromosomes, but they contain them in new recombinant 
forms. By unification of the sexual cells a zygote is produced, which 
may propagate by mitotic cell divisions during subsequent cell cycles. 
Meiosis is the most advanced form of genetic recombination, and it 
probably speeded up the rate of evolutionary changes. 

Let us now survey the living conditions on Earth from the time of 
the first evolving molecular systems’ appearance to the emergence of 
eukaryotes. According to available data, the atmosphere of primeval 
Earth was probably strongly reducing (although there are other theo- 
ries, and the question is still open); it contained carbon monoxide, 
ammonia, water, cyanide, elementary hydrogen, nitrogen, and only 
traces of oxygen. The atmosphere did not contain much oxygen until 
1.5 billion years following life’s origin. It also is supposed that on the 
Earth’s surface various simple organic compounds were abundant and 
the first progenotes were heterotrophic, i.e., they were feeding on 
abiogenic organic compounds (figure 11). 
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According to various studies, it seems probable that ammonia was 
the first major component of the primitive atmosphere that depleted, 
and surviving progenotes were able to develop chemical processes and 
enzymes needed for the fixation of free nitrogen. Possibly present-day 
nitrogen-fixing bacteria, living symbiotically with higher plants, are 
the closest descendants of these early progenotes. These modern bac- 
teria can fix nitrogen only in a reducing milieu, which also supports 
the idea of the early atmosphere’s reducing nature. 

About the same time other cells emerged that were capable of the 
direct use of solar energy through photosynthesis. Their relatives have 
been living since then. There are many differences between bacte- 
rial and vegetal photosynthesis. The most important difference was 
probably the oxygen intolerance of early bacteria. The species still 
living in a reducing environment and performing photosynthesis ac- 
companied by oxygen production are probably descendants of these 
early species. Oxygen-producing photosynthesis was much more effi- 
cient than nonoxygenic photosynthesis, and it certainly enhanced 
the rapid propagation of the species having this advantage. This re- 
sulted in an enormous “pollution,” i.e., the accumulation of free oxy- 
gen. Oxygen was very toxic for all living beings, even for the species 
producing it. A fast selection process began, and species were able 
either to evolve resistance to oxygen by transforming their metabo- 
lism, or they were pushed into niches such as marshes and other envi- 
ronments poor in oxygen. The present-day cyanobacteria descend 
from the early prokaryotes that transformed and tolerated oxygen. 
Cyanobacteria appeared in abundance some 2.3 billion years ago, but 
fossils as old as 3 billion years also are known. Their traces can be 
found in many forms, but mostly in fossilized bacterial mats called 
stromatolites. After their spread on the surface of Earth the forma- 
tion of an oxidized inorganic compound (Fe,0;) started, probably 
because of free oxygen in the atmosphere. Free oxygen brought about 
another change. In the lower layers of the troposphere, ozone ap- 
peared, which very effectively filtered the ultraviolet component of 
radiation coming from the Sun. This in turn might have decreased mu- 
tation rates and served as a protective shield for living beings. These 
changes transformed the whole living world, as millions of species 
disappeared, making room for the more developed oxygen-tolerating 
ones. 
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Present cyanobacteria prefer an atmosphere with 10 percent oxy- 
gen, so our atmosphere with more than double that concentration 
must be the by-product of the photosynthesis of higher plants. 

Because of their more effective photosynthesis, cells containing 
chloroplasts displaced cyanobacteria. Also with the advent of photo- 
synthesis organisms appeared that, although not able to perform 
photosynthesis, could tolerate free oxygen and in fact required it for 
an effective metabolism. These species are the modern heterotrophic 
aerobic organisms. 

With some uncertainties a timetable of the most important changes 
can be estimated. Chemical evolution was quite fast; it may have 
taken only a few million years, approximately 3.8-3.9 billion years 
ago. Later, 2.3 billion years ago, there was a considerable amount of 
free oxygen in the atmosphere, and highly developed eukaryotic cells 
appeared approximately 1.5 billion years ago (Schopf 1978). 


Selection and symbiosis in cellular evolution 


Explaining the evolution of complex molecular or other mechanisms 
simply on the basis of competitive selection always proved difficult 
for neo-Darwinian theory. For example, organelles of the eukaryotic 
cells are very complex and of effective “design,” and it is very hard to 
suppose their gradual appearance. In general, the formation of cell or- 
ganelles was explained by the compartmentalization of DNA (Raff and 
Mahler 1972). DNA can be found in both the aTp-producing mitochon- 
dria and the photosynthesizing chloroplasts. These include genetic 
information for several proteins needed for the work of the respec- 
tive organelle. It seems logical to suppose that the necessary genes, 
mitochondrial oxidation, for example, were separated from the bulk 
of the DNA and localized close to the processes they control. Logi- 
cal or not, however, it is wrong. In the mitochondria besides DNA 
there is protein synthesis; it was shown that in some very important 
details this synthesis much more closely resembles similar processes 
in prokaryotes than those in eukaryotes. Following these important 
findings, biologists started to search for other explanations. It is in- 
teresting that a merely speculative hypothesis was published by J. E. 
Walkon as early as 1920, stating that mitochondria were originally 
bacteria; however, nobody at the time took him seriously. 
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Figure 12 Myxotricha paradoxa (after Margulis 1971). 


There are many examples of symbiosis of unicellular organisms 
(Margulis 1970). Paramecium bursaria, a eukaryotic protozoon, for 
example, upon meeting a green algae (Chlorella) cell swallows it 
without further digestion. The cell of Chlorella remains intact and 
swims around the cytoplasm of the Paramecium and even reproduces 
there. In the dark the Paramecium feeds its Chlorellas, but in the light 
the algae cells intensively photosynthesize, and parts of the prod- 
uct are consumed by the Paramecium. This is a fine example of the 
mutual benefits of symbiosis. It also was observed that once the Para- 
mecium has Chlorellas, upon meeting any further Chlorella cells it 
not only swallows but also digests the newcomers, so the Paramecium 
recognizes its “own” algae cells. 

Another interesting example of symbiosis is the life of Myxotricha 
paradoxa, also a protozoon, living in the guts of certain Australian 
termites (figure 12). This big protozoon lives symbiotically with three 
different bacterial species at the same time, and its relation to the 
termites also is symbiotic. Attached to the surface of the Myxotricha 
live spirochetes, which help the bigger protozoon swim fast by beats 
of their flagella. Each spirochete is in a symbiotic relationship with 
another bacterial species located on the surface of the Myxotricha. 
Last, a third species of bacteria lives in the cytoplasm of the proto- 
zoon and contributes to its digestion with its enzymes, breaking down 
cellulose. The termites cannot digest cellulose; without Myxotricha 
they would starve to death. 

These examples show that symbiotic relationships are not infre- 
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quent among unicellular organisms, and in some cases prokaryotic 
and eukaryotic cells are involved in very effective interactions. We 
have every reason to assume that such relationships also occurred 
in the earlier phase of evolution. Margulis assumed that mitochon- 
dria, chloroplasts, and the other cell organelles were evolved from 
symbiotic relationships similar to those just discussed. The theory is 
supported by various experimental results. 

From analysis of bacterial proteins and RNas the following sequence 
of events can be inferred. As the atmospheric oxygen content was 
changing, anaerobic species of cells were largely pushed out, but 
the remaining ones survived in ancient marshes, which provided a 
restricted but oxygen-free niche. The first symbiosis had occurred 
between an amoebalike anaerobic urkaryote (the ancestor of eukary- 
otes) and an aerobic prokaryote, already able to use oxygen for pro- 
ducing aTp. The advantages of this connection are clear. Symbiosis of 
the two resulted in organisms able to live in both aerob and anaerob 
niches. Present-day eukaryotes use oxygen to burn carbohydrates, 
and these processes take place exclusively in the mitochondria. The 
mitochondria and most probably its prokaryote ancestors cannot re- 
spire without free oxygen. In anaerobic conditions an alternative 
anaerobic metabolic pathway of energy production, fermentation, is 
used, employing specific cytoplasmic enzymes. Although fermenta- 
tion provides much less energy compared to mitochondrial oxidation, 
it allows the cell to survive for a considerable time. In a subsequent 
symbiosis a spirochete joined the amoeba, which already had the ad- 
vantage of aerobic respiration. Amoebas themselves were very slow, 
but the spirochetes, helped by flagella, could swim around with great 
speed. Centrioles, the molecular moving apparatus supposedly origi- 
nating from spirochetes, provide (besides fast locomotion) help in 
the rearrangement of chromosomes during mitosis—the reproduction 
process of the eukaryotic cell. From these mobile cells fungi and ani- 
mals evolved. A different type of symbiosis—between a photosynthe- 
sizing prokaryote and an amoeba—led to the evolution of chloroplast 
from the former (figure 13), creating the ancestors of modern plants. 

According to a now widely accepted theory, during the evolution 
of these symbionts the participating cells lost their independence and 
except for a small fraction the DNa of their genome also melted into 
the common eukaryote genome (Schwartz and Dayhoff 1978). 
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Figure 13 Origin of the eukaryotic cell (after Margulis 1971). 


Relationships among the unicellular organisms 


Analysis of the evolutionary relationships of present-day unicellular 
organisms (such as bacteria, algae, and protozoons) and their higher 
descendants (such as animals, plants, and fungi) was greatly pro- 
moted by Margulis’s symbiosis theory. Advanced molecular biology 
provided the means for these studies. The fine structures of proteins, 
RNAS, and ribosomes were analyzed and compared, and evolutionary 
relationships could be outlined from the data obtained. (The evo- 
lutionary tree of contemporary cells is shown in figure 14.) Recent 
data show that from progenotes, the most ancient cells, four main 
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Figure 14 Origin of living organisms (after Woese 1981). 


branches evolved. There are two branches of archaebacteria, the sul- 
fur bacteria and another including methanogenic and halophilic bac- 
teria. The methanogenic archaebacteria are anaerobic; the halophiles 
and the sulfur archaebacteria are aerobic. The third branch includes 
eubacteria—all the contemporary prokaryotic species except archae- 
bacteria. Urkaryotes belong to a fourth branch. Plants originate from 
the symbiosis of urkaryotes, cyanobacteria, and the ancestor of the 
mitochondria. Animals and fungi originate from a branch without 
chloroplast (Woese 1981, Lake et al. 1984). Another valuable finding 
is that a constituent of the eukaryote ribosomes has originated from 
the archaebacteria, confirming that all main branches of ancient evo- 
lution contributed to the evolution of the highest developed eukary- 
otes (Chamblis et al. 1980). 


Prokaryote multicellulars? 


In my discussion of eukaryote evolution one important question has 
been avoided, namely, whether or not multicellular prokaryotes have 
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evolved? The fossils are not decisive enough, but there are some in- 
teresting findings that indicate the past existence of multicellular 
prokaryote organisms (Nagy 1974). These fossils are about 2.3 billion 
years old; i.e., they originate from a period before the emergence 
of eukaryotes. The possible existence of multicellular prokaryotes is 
perhaps even more convincing when we think of the various forms 
of symbiosis as a special way of forming a multicellular organism. 
With some generosity, Myxotricha can be considered a multicellular 
being. 

Therefore, we may put forward a hypothesis of a two-phase evolu- 
tion of multicellular organisms, assuming that the eukaryotic cells are 
nothing other than highly organized descendants of ancestral multi- 
cellular prokaryotic organisms. Multicellular eukaryotes may repre- 
sent an even higher level of organization in which the eukaryotic cell 
is only a component of a higher system. 

We may now examine the evolution of the cell within the theoreti- 
cal framework of an autogenetic model. 

As soon as genetic mechanisms producing identical replication ap- 
peared at the level of molecular evolution, convergence and com- 
partmentalization would have created a perfect replicating system: 
the cell. The first cell species, most probably various anaerob proge- 
notes, have spread across the entire surface of Earth, ranging from ice 
deserts to hot springs, and their descendants still live in these varied 
niches. We may confidently suppose that millions of species were cre- 
ated through environmental variability and random fluctuations. 

This great variety of organisms created a new evolutionary zero- 
system. The anaerobic cells, the components of the new zero-system, 
formed and decayed continuously in great variety. Accurate forma- 
tion of these components was ensured by identical replication, while 
variability was generated by mutations. These components were set 
in motion by the energy flow of the system and participated in the 
Earth’s great material cycles. Because of incessant competition for 
material and energy sources, functions emerged through their mutual 
interactions. Cells sharing a common environment began to influ- 
ence the probable genesis of one another by compounds secreted and 
adopted. 

What are the system precursors of this new zero-system? Inter- 
actions of cells represent functions, while a given network of these 
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functions represents a multicellular organization. The minimal condi- 
tion for such multiple cell organizations to exist is their replicative 
nature. This minimal condition promotes the action of both repli- 
cative and competitive selection mechanisms, as was described for 
the molecular level. An important difference, however, is that the 
selective effects of organization at the cellular level, affecting cell 
interactions, also affect the interactions within the cells at the mo- 
lecular level of organization. Conditions at the higher organizational 
level act as selective forces producing specific changes of the molecu- 
lar components; consequently, the hierarchical cycle of causality that 
characterizes all living systems is formed. Structures at the higher 
level of organization influence the selective processes at the molecu- 
lar level, but the resulting molecular changes also are manifested at 
the higher level. This interaction leads to a positive feedback, which 
in the long run separates the internal structures of the higher-level 
organization from processes at the lower levels, making them almost 
independent. 

We now have discussed all system characteristics that are necessary 
for application of the autogenetic model. We believe, moreover, that 
at present only the theory of autogenesis can provide an explanation 
for this phase of evolution. 

We must define some additional parameters of the autogenetic sys- 
tem model. In the cellular zero-system, cells are continuously pro- 
duced. At a hypothetical initial moment, when the cells do not yet 
interact, i.e., when they are without functions, the types and num- 
bers of cells exactly reflect the parameters (temperature, concentra- 
tion of food, materials, etc.) of the new zero-system. At this moment 
the distribution of cell components reflects the parametrical informa- 
tion content of the cellular zero-system. As soon as the cells start to 
interact, functional information emerges; i.e., certain kinds of cells 
will grow and propagate successfully, while others become extinct or 
sparse. Replicative information at the cellular level is a description 
of the specific constraints accounting for the interactions of cells, 
but it does not obey the chemical laws valid on the lower molecular 
level. Moreover, as all the information is carried by the system’s 
molecular components, the amount of replicative information—and 
the stability of the system—is increasing at the expense of parametri- 
cal information. It also is evident that the appearance of functions is 
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not an all-or-nothing phenomenon; it is gradual and rebounds to the 
previous phase of evolution. Nevertheless, it is worthwhile to separate 
the various forms of information because this allows us to recognize 
analogous phenomena at the various levels of organization. 

Perhaps it is unnecessary to demonstrate separately that in the early 
phase of multicellular evolution autocatalytic interactions of the cells 
quickly emerge. If cell A increases the probability of genesis of cell B, 
and cell B through some metabolite does the same to cell A, then in 
this autocatalytic cycle the two cells mutually enhance each other’s 
rates of replication and gain a considerable advantage over other cells. 
Complexes of cells connected by mutually advantageous functions 
can easily incorporate other kinds of cells, and thus stable cell eco- 
systems may arise (Margulis 1970) that correspond to multicellular 
supercycles. 

Multicellular evolution also starts with nonidentical replication. In 
this phase there already are some functional connections among vari- 
ous cells, and the quasi-ecosystems reproduce better, but the repli- 
cative mechanisms of the partners are still separate and individual, 
as was shown above in the discussion on instances of symbiosis. In 
cellular ecosystems functional differentiation emerges as a necessity; 
higher supercycles are formed; and convergence of replicative infor- 
mation on the multicellular level starts. Selection favors cell ecosys- 
tems that are more successful in coordinating their replication than 
others. The fidelity of replication of cell ecosystems increases surely, 
and, as a consequence, compartmentalization begins. Although we 
do not have enough data about phases of this process, it might be 
stated with some confidence that the autogenesis of associations of 
prokaryotes reached the phase of identical replication by this time. 
Its mechanism is mitosis, and its final product is the eukaryotic cell. 

Modern eukaryotic cells rarely reach the size of one millimeter, but 
there are many fossils showing that in the early phase of eukaryote 
evolution giant (over one centimeter in diameter) unicellular organ- 
isms were common (Schopf 1978). These giants perhaps had more 
complex cell organelles, but they were pushed out by the better- 
developed multicellular eukaryotes. 


3. The Evolution of Multicellular Organisms 


The first period of the evolution of prokaryotes 


Multicellular organisms appeared about 750 million years ago, rela- 
tively late in the course of evolution (Maynard-Smith 1969). It would 
be a simplification to assume that autogenesis of multicellular organ- 
isms is nothing more than a repetition of the organizational events 
that had led to the appearance of eukaryotes. This would mean that 
formation of this new type of cell created a new zero-system with 
eukaryotic cells as components, and that interactions among them 
would lead to multicellular organisms. Some remarkable phenomena 
suggest consideration of other possible scenarios. 

No separate mechanism in multicellular organisms for reproduc- 
tion resembles the cell division of the prokaryotes or the mitosis 
of unicellular eukaryotes. Reproduction processes of the latter two 
are essentially simple divisions, with a roughly equal distribution of 
components between the two daughter cells. Reproduction of multi- 
cellular organisms by a similar process is very rare; it occurs in lower 
species, but even in those the analogy can be debated, as it is simply 
a manifestation of the ability of the lower multicellular organisms to 
regenerate. Division and regeneration of parts of these organisms are 
only the exploitation of the reproductive mechanisms of these com- 
ponents, the cells, and there is no special new way of reproduction 
that would be characteristic of the new organizational level. 

The regenerating ability of higher organisms is minimal, and their 
reproduction is characterized by a transition through a cellular 
phase. We may safely state that the higher multicellular organisms 
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are not able to properly replicate themselves. Instead of replication, 
their structural organization is disassembled in each generation, and 
through the zygote formed from germinal cells an autogenetic process 
called ontogenesis re-creates the multicellular organism. 

Another important point is that the evolutionary mechanisms that 
have led to the emergence of multicellular organisms also must ex- 
plain the formation of organs as compartments. The difficulty is very 
similar to the one encountered in explaining the emergence of cell 
organelles; i.e., it has to be assumed that the eukaryote genome some- 
how becomes compartmentalized, and the organs are formed later by 
differentiation. Although such a model cannot be rejected, we first 
put forward a new one that fits into the framework of the autogenetic 
theory, taking the risk of appalling some of our biologist colleagues. 


A model of the origin of multicellular 
organisms from prokaryotes 


We should turn back for a moment to the autogenesis of eukaryotes. 
We may assume that many different prokaryote ecosystems have 
existed. Cooperation of participating cells has started the process of 
integration, and in present eukaryotes very complex cell organelles 
can be found. Based on this analogy, it seems reasonable to suppose 
that formation of the organs of multicellular organisms also has re- 
sulted from the functional cooperation of various ancient prokary- 
otes. 

Let us suppose that the various organs or at least the basic types can 
be traced to prokaryotes. We take for an example an ecosystem of pro- 
karyotes with one member species secreting detoxifying enzymes that 
help remove harmful substances from the environment. This func- 
tion is clearly advantageous for the ecosystem’s other members, and 
it is similar to the animal liver’s function. We then assume that an 
evolutionary process of integration began, just as in the case of cell 
organelles, and that the cell species with detoxifying enzymes has 
been incorporated into the system of prokaryote cell species. The only 
remnant of its early autonomy is its existence as a compartment, i.e., 
the liver organ within the organisms. The eukaryote genome is enor- 
mous in size, including most of the genomes of ancient prokaryotes 
that have formed the cell organelles. We have no reason to suppose 
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any special obstacles to the incorporation of genomes of prokaryotes, 
which later could have formed nervous tissue, liver, kidney, etc. 

This line of thought is supported, at least logically, by the follow- 
ing argument. If we assume that the formation of a multicellular 
organizational level was preceded by the eukaryotic cell’s evolution, 
this implies that multicellular organisms have originated from one or 
a few eukaryote species. Thus the primary ancient eukaryotic cell 
would cease to be autonomous; several daughter cells would remain 
connected; and mutational events would accumulate during a long 
evolutionary period in which the completely similar cells became dif- 
ferentiated. 

This concept can be debated on two fronts. First, it is known that 
competitive selection is strongest among similar organisms because 
they need the same resources. Thus it is more likely that different 
kinds of cells start to interact and tolerate their mutual presence in 
space because they then can share some resources and benefit from 
the advantages of cooperation, even if these initial advantages are not 
very great. 

The other argument against multicellular evolution from a single 
eukaryote species is that simultaneous, successful selection for all 
necessary properties of a highly complex multicellular organism is 
rather unlikely. When selective pressure is directed toward multiple 
properties, the incidence of favorable mutations is almost negligible. 
It is much more likely that selection of multicellular organisms began 
when ecosystems including cooperative prokaryotes evolved. In this 
case selection had to work only on the refinement of a primitive 
organization, which may have been much easier and faster. 

Similar thinking was used in the famous watchmaker analogy by 
Simon (1962) illustrating the origin of complexity. The parable is 
about two craftsmen assembling watches. Each watch contains 10,000 
parts. Work is occasionally disrupted by phone calls. The first master 
organizes his work so that he makes subunits, each from 100 pieces, 
and later he assembles a watch from 100 subunits. The other master 
assembles the watch piece by piece. The phone rings frequently, and 
the average time spent between two calls is enough to assemble 150 
parts. If he suspends work, the already assembled parts fall apart; only 
the first master’s subunits or whole watches are stable structures. The 
first master finished his first watch after eleven calls, but the other 
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master will never finish even one because his incomplete assemblies 
fall apart after each call. 

The parable’s essence is clear and is valid for the hypothesis of the 
eukaryotic cell’s evolution. The complex cell organelles of eukaryotic 
cells have not been formed by differentiation of the genome but from 
subunits consisting of cooperative prokaryotes. It is highly reasonable 
to suppose that a similar mechanism also has been at work in the 
evolution of multicellular organisms. 

The logic of the separation of the evolution of eukaryotes from 
the evolution of multicellular organisms can be questioned on other 
grounds as well. It is possible, for example, that the appearance of 
the autonomous eukaryotic cell is only a by-product of multicellular 
evolution. All modern multicellular organisms are eukaryotes, and 
the free-living unicellular eukaryotes may well represent a dead end 
in evolution, or they may be the result of a devolutionary process. 


A model of multicellular evolution from eukaryotes 


In addition to this model for deriving multicellular organisms from 
prokaryotes, we will consider a classical model of eukaryotic evo- 
lution. Most biologists accept the idea of the evolution of higher 
organisms from early free-living unicellular eukaryotes. These theo- 
ries suggest that multicellular evolution began independently several 
times. As a first step, a “colony” of an ancient eukaryote’s daughter 
cells would form, and a long evolutionary differentiation of the ge- 
netically identical cells would result in the various organs and tissues 
of multicellular organisms. 

We prefer an explanation by the autogenetic model based on co- 
operation of different cell species. Cooperation is the most important 
factor in the origin of functions. Different mutually interacting cells 
create a network of functions in the form of an ecosystem of the 
eukaryotic cells. The cooperating community of cells is a new sys- 
tem precursor, and its replicative organization entails replicative and 
competitive selection. A new level of organization is formed, and its 
replicative information begins to increase through convergence and 
compartmentalization. At the end of this process integrated multi- 
cellular organisms emerge, and the creation of the organizational level 
of organisms is completed. 
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Cooperation of identical cells would face many obstacles. First of 
all, there would be competition. Cooperation of different cells is more 
plausible. We can regard cooperation as a kind of “trap,” for little 
advantages can “lure” individual cells into it, and later the very ad- 
vantage of cooperation would “compel” participants to differentiate 
and thus further increase their benefit from cooperation. “Trap of 
cooperation” is certainly an important force in evolution, and its va- 
lidity is well established. It would be interesting to reexamine our 
knowledge of ontogenesis and multicellular evolution from this point 
of view. 

Two facts that seem to support this new approach will be men- 
tioned. The first is acommon observation concerning cells taken from 
various tissues of different animals and mixed in a suitable medium. 
They form aggregated groups—which interestingly are tissue-specific 
—independently of the species of origin. Thus brain cells aggregate 
with brain cells of other species, and kidney cells with other kid- 
ney cells, no matter what cells of whatever species have been mixed. 
Therefore, the type of tissue is a very ancient and common property. 
The other fact concerns various worms. During ontogenesis of Ascaris 
and Sciaria species, somatic cell lines form that contain different sets 
of chromosomes (i.e., the tissue cells are genetically different), and 
they obtain only certain sets of genes from the omnipotent zygote 
(Herskowitz 1973). Various interpretations could be found to explain 
this phenomenon, among them our theory that various tissues of 
these worms originate from genetically different eukaryote cell lines 
(or perhaps from different prokaryotes), and the observed genetic dif- 
ferences of these tissues reflect the ancient mechanisms of the origin 
of the multicellular eukaryotes. When we have more data concern- 
ing the gene sequences controlling ontogenesis, this hypothesis can 
certainly be investigated more closely. 


Ontogenesis of multicellular organisms: 
an autogenetic process 


Whether derived from prokaryotes or eukaryotes, all multicellular 

organisms undergo an ontogenetic process. It seems worthwhile to 

examine this process in the framework of the autogenetic model. 
The overwhelming majority of multicellular organisms start their 


Evolution of multicellular organisms 83 


life as a single cell, and ontogenetic development of this cell produces 
the given organism’s mature adult form. Ontogenesis is generally re- 
garded as a process emphatically different from the evolution of the 
species. But the idea that the same laws of nature play a decisive 
role in both processes, ontogenesis and phylogenesis, merits consider- 
ation. That is, ontogenesis is an autogenetic process. 

The zygote goes through a series of replications. Functional connec- 
tions develop immediately between the “components” produced as a 
result of replication. The components are able to influence the proba- 
bility of genesis—the further replication—of one another. Compart- 
mentalization also can be observed. The activity of the cell popula- 
tion in the liver or brain of higher animals is substantially coordinated 
and is partly isolated within the organism. Finally, the formation of 
the complete organism can be regarded as a convergent process during 
which the organism is becoming a replicative unit, and, as such, for 
a long time it is capable of conserving its character in a more or less 
unchanged form. (This is true only with one reservation, because as 
we have discussed in the previous chapter only two individuals of the 
opposite sex taken together can be regarded as a replicative unity. ) 

The energetic changes observed in the course of ontogenesis sup- 
port this notion (Zotin and Zotina 1967, Prigogine et al. 1972). In the 
early embryonic phases there is a detectably higher entropy produc- 
tion than in the later phase. The adult organism is in the state of a 
minimum stable entropy, which can only be changed by an accidental 
injury and a subsequent regeneration or by neoplasmic transforma- 
tions, etc. Concerning the mechanism of ontogenesis, a very simple 
model can be conceived, based only on replication and on the mutual 
inhibition of the replicative function, thus regarding the development 
of the zygote as a true autogenetic process controlled by predestined 
constraints built into the genome. This assumption can be recognized 
as a reformulation of Haeckel’s “biogenetic law.” It seems that recent 
theories of ontogenesis based on irreversible genome repression are 
moving in this direction (Caplan and Ordhal 1978). It is very inter- 
esting that while in molecular evolution the self-organizing process 
came to a stop with the appearance of the cell, in multicellular organ- 
isms it occurs repeatedly during the ontogenesis of each generation. 

As soon as the new compartment of the multicellular organiza- 
tional level—the organism—has reached the phase of identical rep- 
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lication, the new compartment becomes a replicative unit. The in- 
formation necessary for its replication is carried by its components: 
the cells. The effective range of constraints existing among the cells 
is on the order of meters. Compartmentalization of the autogenetic 
process on the multicellular level also has produced units of the same 
scale; that is, the volume of most organisms is below a few cubic 
meters. The organismic compartment also has converged; its control 
is almost perfect as a result of the mechanisms of identical replica- 
tion. The fidelity of replication of its components is extremely high, 
and the functional cooperation of the components is highly differen- 
tiated and occurs in a hierarchical system. 


Macroevolution 


To define the exact nature of the components that emerged dur- 
ing the evolution of multicellular organisms is not a simple task. 
We can regard multicellular organisms themselves as components, 
although individually they are not able to replicate. Nevertheless, 
organisms form and decay in great number, and their mutual inter- 
actions start further evolution (the creation of newer organizational 
levels). Species also may be regarded as components because their 
inner structure and genotype are extremely stable (Mayr 1963). They 
can persist for millions of years under unchanged conditions. Changes 
in the environment naturally select among the species; some become 
extinct, while others change or produce new daughter species. Their 
average life span varies between 3 and 12 million years (Stanley 1975). 
Species originate and become extinct, so the definition of “compo- 
nents” can be applied. The process traditionally called macroevo- 
lution covers the complex changes involved in the origin and ex- 
tinction of species (Simpson 1953). The early theories of evolution 
could not embody all problems, such as the origin of life, its present 
maintenance, macroevolution, etc., in a single unified model. Even 
Darwinian theory was concerned only with the origin of species. 
Theories of life’s origin were constructed so that contradictions with 
the theory of macroevolution were carefully avoided, and, if possi- 
ble, they used the same explanatory principles, such as competitive 
selection, that proved successful in treating the problems of macro- 
evolution. This meant that much more emphasis was put on problems 
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of macroevolution than on other problems. This is quite understand- 
able as it was very important to provide an explanation for the origin 
of presently living species, if only for emotional reasons, and this 
has greatly influenced the direction of research. Our system-science 
approach is necessarily more general and concise and cannot follow 
the traditional path. Our aim is not to clarify the origin of a given 
species or even a whole phylum, but to attempt describing the system 
process in which such important but subordinated events necessarily 
occur. Therefore, we do not treat macroevolution in detail. We only 
continue our analysis of the formation of organizational levels with 
the autogenesis of ecosystems. Some important questions of evolu- 
tionary research also will be treated, among them the recent crisis of 
neo-Darwinian theory, in the light of our own model. 


4 The Evolution of Ecosystems 


With the development of multicellular organisms as a new structural 
unit, a new component capable of energy absorption and of estab- 
lishing contacts with similar units has evolved. This new unit is the 
building block of organizational units higher than itself. Thus a new 
level of evolution, a new zero-system, has developed. 


Ecosystem as a component system 


There is no generally accepted ecological theory, and sometimes even 
the definition of ecological systems is debated. Usually the commu- 
nity, i.e., all living organisms found in a given area, is regarded as an 
ecosystem. Others include the various abiotic features of the environ- 
ment. As discussed in the first chapter, the various system definitions 
may serve different goals, and the semantic arguments around the 
definition of systems are of no great importance. 

If samples were taken from areas of various size on the Earth’s sur- 
face, and if all living organisms in these samples were determined, it 
soon would be seen that there is a regularity in the kinds and number 
of organisms, partially depending on the size of the sampling area. 
Some of the regularities would be characteristic “patterns,” reflecting 
the fact that individuals of certain species are more frequent in the 
vicinity of certain others, and there also would appear regularities 
concerning the physiology and behavior of organisms. There are, for 
example, certain stable ratios between predators and prey animals, 
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or between the biomass of photosynthesizing plants and the con- 
sumers that use the energy and material of these primary producers 
through complex food networks. The science of ecology tries to find 
and analyze such rules. In any case, we may confidently state that 
the ecosystem or the community of a given area can be considered as 
a component system. We certainly may define individual organisms as 
components, regardless of their being simple soil bacteria or complex 
multicellular organisms, but it also is possible to consider popula- 
tions or even whole species as components. Populations and species 
should be considered as higher organizations, anyway, although this 
is hotly debated by several authors, especially in the case of species. 
However, it seems very easy to find good evidence for the relative 
autonomy of the populations and species. A species, for example, 
can be considered as a community of “genealogical descendants.” Its 
components have a common organizational past. On an evolutionary 
time scale species respond to environmental effects; the whole com- 
plex of components reacts by adaptation through the mechanisms of 
genetic recombination. (See Ghiselin 1981 for a detailed treatment of 
this question.) Here we only want to call attention to these problems, 
but we cannot go into details. For the application of our autogenetic 
model it is enough to consider the organism as a component. 

Mutual interactions of organisms are described very well by food 
networks. The effect of the flow of matter and energy through eco- 
systems in regulating the replication of various organisms also is well 
known. Organization and complexity are considered especially im- 
portant problems (Margalef 1963). If various communities are con- 
sidered from the aspect of the diversity of species involved, or the ma- 
terial and energetic interactions among species, it becomes clear that 
a special concept of ecological complexity is needed. When the life 
of an area is destroyed either by natural catastrophes or experimen- 
tally, it gradually becomes colonized, and a new ecosystem builds up. 
While the return of the same species in the same numbers is quite rare, 
some general trends in the dynamics of repopulation can be found. 
In the new ecosystem there are usually fewer but more productive 
species, which produce an enormous amount of biomass with a less 
than optimal efficiency in using energy. In the long run new species 
join the food network, and the use of energy becomes increasingly 
effective. Most of the material flow makes a closure, conserving the 
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elements. In the Amazon rain forest, for example, as much as 50 to 
80 percent of the water is recycled (Salati and Vose 1984). 

Simple and complex communities are well differentiated by the 
intuitive ecological concept of “maturation” (Margalef 1963). A new 
community is immature, but one that has lived for a long time, con- 
sists of a large number of species, and exploits many energy-saving 
and recyclic processes is regarded as “mature.” The development of 
“maturation” is called succession; it is the temporal succession of 
populations living together, which reaches a terminal association 
through several intermediate stages. The final union is an equilibrium 
with climatic and geological conditions; it is stable and perpetual. 
The ecosystem evolving in the course of succession is characterized 
by the initiation of energy and material cycles (Duvigneaud 1967), 
which have an order-increasing effect just as do those at the molecu- 
lar level of evolution (Morowitz 1968). In the course of succession 
the mutual control effects of populations are enhanced (MacArthur 
1971). The degree of control is at its maximum in communities ap- 
proaching climax, i.e., terminating succession. At climax the greatest 
part of absorbed energy is devoted to maintaining the system, which 
persists for a long time (Odum 1969). 

Succession must be distinguished from evolution. First, it occurs 
much more quickly (a couple of hundred years), and it is not accom- 
panied by evolutionary changes (origin of new species, for example). 
Succession can be considered rather as a process of regeneration, 
which compensates for the harmful effects of fluctuations in the envi- 
ronment by restoring the original composition of the ecosystem, the 
one that is most suitable for the given climatic conditions. 

There are many studies on the organization of stable ecosystems. 
Why are a particular set of species living together and why are they 
living together in the way that they do? Many simple questions can 
be raised that are difficult to answer. Why are communities formed 
of a definite number of species? Why is it that new species do not 
settle? Many models have been worked out to answer these and simi- 
lar questions. It has been shown that the effect of competition on 
the reproduction of populations of various species can be modeled 
by simple linear differential equations (Lotka 1925, Volterra 1931). 
Every species has several environmental requirements (temperature, 
humidity, food, etc.) for successful reproduction. In addition to these 
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parameters the reproduction of most species is influenced by the pres- 
ence of other species, among them those that are similar enough to 
compete for common resources. The functional system comprising 
all living conditions is expressed by the concept of niche (Hutchin- 
son 1978). If competition is excluded, a multidimensional coordinate 
system can be created in which the axes represent particular living 
conditions. An abstract, multidimensional “space” can be defined in 
this coordinate system, which covers the essential conditions for a 
given species. This is called the basic niche. If the niche is drawn so 
as to include competition with other species, then a “realized” niche 
results. By using the niche concept, several of the above questions 
can be successfully answered. For example, it is well known that two 
species of identical needs cannot live together permanently. If some- 
how they are brought together, they start competing, and the species 
with the lower reproductive success will be excluded from the com- 
munity. This phenomenon is known as the principle of competitive 
exclusion. 

The niche concept is a good tool for explaining certain evolution- 
ary phenomena. It has been observed that similar species, living in 
the same location and competing, can change in the very properties 
that are important in their competition, and the direction of change 
is opposite. This results in separation of the common niche and a 
decrease or a complete halt of competition. 

Since the most important role in determining the living conditions 
of a given species (besides some basic abiotic conditions) is played by 
other organisms, a niche obviously is not only a functional description 
of a given species’ needs but, just as importantly, a description of 
possibilities for life represented by a given ecosystem. This line of 
thought has led to the concept of the “empty” niche, which can be 
occupied by a species of a given set of needs. If such a species does 
not exist or somehow has been exterminated, a niche remains empty. 
In spite of this concept’s abstract nature, it can be used in concrete 
cases. If appropriate data are given, the proportion of empty niches 
can be calculated; e.g., it has been estimated at 12 to 54 percent in 
modern ecosystems (Walker and Valentine 1984). 

A certain dynamics also follows from the empty niche concept: 
a given ecosystem’s functional interactions continuously create con- 
ditions that would make colonization by certain species possible. If 
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a new species is incorporated, then not only the previously empty 
niche will be filled but the whole ecosystem’s parameters will change. 
This also will change the niche structure of the ecosystem; i.e., new 
empty niches may be opened or old ones destroyed. This means that 
from an organizational point of view the ecosystem is not closed. 
Species not only can enter the ecosystem but can die out for vari- 
ous reasons. Many observers have shown that a given ecosystem can 
never get into an end-state concerning its species composition. First 
observations were made on small islands that were repopulated fol- 
lowing natural catastrophes (MacArthur and Wilson 1963). It was 
found that small, isolated areas become repopulated very quickly; a 
succession process starts, but soon an equilibrium is reached between 
the number of colonizing and disappearing species. This is called di- 
versity equilibrium and is explained by the assumption that species 
occupying a mature ecosystem form small populations, and the num- 
ber of individuals in populations shows a binomial distribution. Thus 
it may occur that a given species’ number of individuals will fall 
below the minimum necessary for survival, and the species will die 
out from the ecosystem. As the number of niches in a given com- 
munity is finite, equilibrium between the number of incoming and 
disappearing species is quickly reached, and the system settles into a 
state of equilibrium. 

It also was supposed that an equilibrium diversity is reached not 
only in succession but in evolutionary processes as well. In a mature 
ecosystem some species may become extinct forever, and new species 
may appear by evolutionary mechanisms. As an equilibrium number 
of species can be found on a whole continent, or in the whole bio- 
sphere, it can be assumed that origin and extinction of species are in 
dynamic equilibrium (Levinton 1979, Wright 1982). The task of vari- 
ous evolutionary theories is to explain how the processes leading to 
this dynamic equilibrium are connected with particular phenomena 
of macroevolution. 


Autogenetic model of the evolution of ecosystems 


When an ecosystem meets the criteria of a component system, the 
autogenetic model can be applied to it. Various unicellular and multi- 
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cellular organisms can be considered as mutually interacting com- 
ponents of the system; thus functions emerge that create the higher 
structures of the organization’s ecological level—namely, communi- 
ties. Such a community (even the most primitive one) represents a 
new organizing agent; it is a system precursor and promotes repli- 
cative and competitive selection in the system. As a result, the sys- 
tem’s components change in such a way that their functions become 
increasingly coupled (the process of coevolution). An increase in 
the replicative information concerning communities begins, together 
with convergence and compartmentalization. In the process of con- 
vergence among the community’s populations, feedback relations 
appear (Pimentel 1961, Margalef 1972) and increasingly complex 
food networks evolve, which functionally correspond precisely to 
our supercycles. Moreover, ecological control processes analogous to 
compartmentalization have been discovered (Holling 1976). 

The most developed product of autogenesis at the ecological level is 
the community. The range of forces contributing to the development 
of various functions is somewhere between a few centimeters and 
several hundred, occasionally several thousand, kilometers. The size 
of the ecological compartments also fall in this range. Mechanisms 
for identical replication have not yet developed. Therefore, fidelity of 
replication in various ecosystems is not very high. The low level of 
replicative fidelity allows for the continuous origin and extinction 
of species. More precisely, origin and extinction of species are basic 
processes, and yet no controlling system has been formed that would 
ensure a stable distribution of species in the ecosystem. 

The notion of information also is used in ecology, and the quantity 
of information is calculated from the number of species and individu- 
als (Odum 1969). The notion of parametric information introduced 
earlier can be used to express the distribution of species and individu- 
als developing without the mutual influence of populations under the 
sole effect of climatic conditions. Naturally, in real life there is no 
structure (with the possible exception of monocultures) that con- 
tains 100 percent parametric information. The modification of compo- 
nents appearing as a result of the interaction of different populations 
can be expressed by the functional information content. Associations 
at the beginning of succession have a high parametric and a low 
functional information content. The latter gradually increases in the 
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Figure 15 Beak types of the Galapagos finches (after Lack 1967). 


course of succession, reaching a maximum at the climax when it is 
mostly replicative information. 

It can be assumed that there is a connection between the niche 
concept and replicative information. For the replication of a given or- 
ganism, aside from the information of its own genome, all necessary 
conditions are described by the concept of niche. The community 
carries this information without the actual presence of the given or- 
ganism; therefore, this information must be a part of its replicative 
information. The functional (replicative) information embodied in 
the niche is an active factor in evolution, as shown by several ex- 
amples of radiation and the emergence of morphological analogies 
during evolution. 

The evolution of the Darwin finches of the Galapagos Islands shows 
how species, if they occupy an empty niche, change in their mor- 
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phology and behavior to fit precisely into the community already 
formed. The Galapagos Islands are far from mainland South America, 
and many species of finches developed there from a common an- 
cestor, adapting to various empty niches mostly by changes in their 
beaks (figure 15). Some finches evolved beaks suitable for feeding on 
very small seeds, while others evolved to feed on larger seeds. Parrot- 
like beaks developed in species adapted to feed on fruits and buds. 
Some species have beaks like forceps for feeding on small insects. The 
most interesting species colonizes an empty niche usually occupied 
by woodpeckers on the continent. This species has not evolved a new 
kind of beak but has adapted behaviorally by using thorns from cac- 
tuses to pick out worms under the bark of trees. 

The real agent enforcing changes is the information embodied in 
the members (components) of the communities (compartments) i.e., 
the same functional effects that established the niche. The organism's 
replicative information and the niche’s information content can be 
viewed as cast and mold; they determine and complete each other. 


Evolution of the biosphere 


With our discussion of the autogenesis of ecosystems we have reached 
the highest level of evolution on Earth. Inaccurately replicating eco- 
systems themselves also are subject to selection (Dunbar 1972). The 
final level of evolution on Earth is formed by the participation of 
ecosystems as components. The entity at that level is the biosphere 
itself. It seems as if evolution has come to a halt mostly because—in 
contrast to the lower levels—the component at this level is a single 
entity. 

Organizational levels formed like an onion from the molecular level 
to the biosphere level. The most elementary building blocks, the 
atoms, form molecular components, and their autogenesis forms the 
cells. Organisms are formed from cells as components, and their auto- 
genesis has led to ecosystems. The interaction of ecosystems mani- 
fests itself in the biosphere. In this account, organizational levels 
having very limited autonomy, such as cell organelles or the organs of 
the higher organisms, have been omitted. We may consider these as 
abortive levels of organization. Organization proceeded from “below” 
during the biosphere’s evolution, but it is quite possible that even 
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during the cells’ autogenesis functional effects acted on the level of 
the whole system and can be considered as agents of the highest orga- 
nization. Such an effect was possibly expressed in the composition of 
the atmosphere discussed earlier. This means that although levels of 
evolution can be logically separated, in reality the autogenesis of the 
various levels started at the same time and strongly influenced events 
at other levels. The future of the biosphere can only be considered if 
we have already discussed the other evolutionary processes accom- 
panying organismic evolution. With the emergence of multicellular 
organisms, not only has ecological evolution started, but evolution- 
ary sublevels such as neural, cultural, and technical evolution have 
formed. After discussing these we will return to the biosphere. 


5 Some Unsolved Problems of the Evolutionary 
Theory and the Autogenetic Model 


Neo-Darwinism 


When Darwin was writing his famous book, the science of genet- 
ics, which provided most of the practical proofs of his theory, had 
not yet been born. In spite of this, Darwin was able to articulate 
his ingenious theory. Regarding the basic mechanisms, Darwin con- 
sidered individual differences—that is, variability and environmental 
selection—the two most important factors of evolution. He assumed 
the gradual accumulation of minor useful changes—that is, in recent 
terms he was a “gradualist.” 

After the discovery of Mendel’s law at the turn of the twentieth 
century, a great debate started between gradualist “biometricians” 
(K. Pearson and W. F. R. Weldon) and “Mendelists” (whose lead- 
ing representative was W. Bateson). Biometricians worked on the in- 
heritance of traits that show continuous variation, such as height, 
weight, etc., and they could not find the trace of discrete genes in the 
phenotypic distribution of such traits. Mendelian genetics also was 
supported by the discovery of mutations (de Vries 1901), for the ef- 
fect of various mutant genes was great and their inheritance followed 
Mendel’s rules. 

Mutation was an example of a sudden change of traits. Study- 
ing continuously varying traits provided useful data for the explana- 
tion of evolution through the accumulation of small steps. A sudden 
change in traits was emphasized by the Mendelists; therefore, they 
were considered “anti-evolutionists” for a long time. 

The exact definition of Mendel’s law was the starting point for fur- 


96 Evolutionary systems and society 


ther discoveries in genetics. The most important among these was 
the Castle-Hardy-Weinberg law (Castle 1903, Hardy 1908, Weinberg 
1908), which is the basic tenet of population genetics. This law states 
that in a large “panmictic” (randomly breeding) population with- 
out outside or internal disturbing factors the distribution of allelic 
variants is stable. 

The great founders of population genetics analyzed the factors that 
might disturb this stable distribution. Haldane (1924), in his famous 
first publication, examined the effects of selection in the cases of 
lethal, linked, and semidominant genes, considering inbreeding and 
the effect of overlapping generations, etc. Wright (1931) studied the 
role of random fluctuation in gene frequencies using mathematical 
models, and he found that random fluctuations may become amplified 
by the effects of local selective factors, and thus they can change the 
equilibrium of gene frequencies. Later, this mechanism was termed 
“genetic drift.” Finally, Fisher (1930) showed that Mendelian rules 
are consistent not only with the Darwinian theory but are the most 
important proof for it. The expression of continuous traits can be 
explained by the effects of many so-called minor genes. 

The works of Haldane, Wright, and Fisher started neo-Darwinism, 
which is a combination of biometrics, Mendelian genetics, and the 
Darwinian theory of evolution. Its pinnacle finding is that evolution 
is simply the slow but continuous change of the gene frequencies of 
populations. 

The success of neo-Darwinism was not complete, mostly because 
“naturalists” —biologists who were interested in analyzing evolution 
by studying living populations and fossils—withdrew behind the for- 
tifications of their own methodology. Naturalists mostly have studied 
the diversity of species and the mechanisms of development of this 
diversity (Mayr 1982). They recognized the role of geographical isola- 
tion in the origin of species, and thus the isolation of a small popula- 
tion for a longer time was thought to be a precondition for the origin 
of a new species. It was assumed that mechanisms that secure the 
identity of the new species after the original isolation ends are formed 
during isolation. These two branches of evolutionary research united 
in the 1930s within the framework of the “synthetic theory.” This 
framework was created mostly by the works of Huxley, Dobzhansky, 
May, Simpson, Stebbins, and Rensch, who were able to recognize 
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that these two branches of research could be united into a new para- 
digm. The basic tenet of the synthetic theory is that the changes of 
allele frequencies in microevolution and processes of macroevolution 
are connected, and that all evolutionary changes can be explained on 
the basis of the same principle. Evolutionary changes at higher or- 
ganizational levels can be explained by microevolutionary processes. 


Neutral evolution 


The synthetic theory was challenged by the development of molecular 
biology. While the naturalists were using overt morphological traits 
in describing species, the advent of molecular biology made possible 
the use of fine structures in giant molecules in evolutionary research. 
It has become possible to study the homogeneity of a population 
established by morphological traits using the fine structure of cell pro- 
teins of the given species. Enormous variations have been discovered 
in seemingly homogeneous populations. Within species, numerous 
variants of enzymes and other proteins have been found. These vari- 
ants were distinguished by changes in amino acid sequences, and 
correspondingly there are many allele variants of the respective genes 
within the population. This type of variability is called molecular 
polymorphism. 

It soon was found that the catalytic activity of an enzyme was 
rarely influenced by polymorphism; that is, variants were function- 
ally equivalent. This finding caused serious problems for the neo- 
Darwinian theory. From previous definitions of the theory it followed 
that all traits of an organism were the result of natural selection; 
therefore, polymorphism of proteins also should be produced by it. 
The only problem was that attempts to find conditions responsible for 
the evolution of polymorphism were unsuccessful. For a long time it 
was believed that this was only a matter of finding adequate data, and 
the discovery of special environmental effects responsible for poly- 
morphism was very much hoped for. 

But soon it became clear this was not a methodical problem but 
basically a theoretical one. Following the discovery of the genetic 
code, it was found that certain “silent mutations” exist, which are 
changes in nucleotide sequences in the DNa that do not change the 
corresponding amino acid sequence in the respective protein because 
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of the redundance of the genetic code. This was an example of ge- 
netic variability without the slightest consequence to the properties 
of the organisms. From these phenomena a unified theory, named the 
“neutral mutation theory,” was born (Kimura 1969, 1976, 1977, King 
and Jukes 1969, Kimura and Ohta 1971). 

According to the neutral theory, not all parts of a molecular struc- 
ture are equally important for its function. There are parts of the 
protein sequence that may be occupied by several different amino 
acids, and their change is “neutral” from the point of selection; that 
is, the fate of these changes is not influenced by natural selection. 
It also was found that some parts of amino acid sequences cannot 
be changed, or else they can be changed only rarely, and these play 
a very important role in the specific function of the protein mole- 
cule. For example, Kimura showed that more changes may occur on 
the hemoglobin molecule’s surface than in the location of its inside 
“pocket,” which plays a role in binding oxygen. 

Protein polymorphism also can be studied among species, and it has 
become a fine tool for the investigation of evolutionary distance be- 
tween different species. The earlier that species have been separated 
from a common ancestor, the larger the difference between their pro- 
tein structures. 

From these results it follows that species do not have proteins 
and nucleic acids of stable and final structures, but at the top of 
the molecular hierarchy DNa is continuously changing, and, corre- 
spondingly, RNA and proteins also change. Some of the changes are 
unfavorable and are eliminated by selection, while neutral changes 
survive and accumulate, changing the molecular composition of a 
given species. The rate of change is relatively fast. According to cal- 
culations by Kimura, the rate of change in mammals is 2.5 nucleotides 
per year. This means that each nucleotide of the DNa of living organ- 
isms has changed at least four times since the origin of life (Kimura 
1977). This, of course, is an average value. The functionally important 
nucleotides are changed at a slower rate. 

Discovery of neutral mutations has changed the earlier static image 
of the DNA. On the evolutionary time scale the DNa’s structure is a dy- 
namic, one-dimensional “ocean” of randomly changing nucleotides in 
which there are stable “islands” of the nucleotides responsible for the 
proteins’ functional sites. This image can be extended to the macro- 
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scopic properties of organisms. It has become questionable whether 
all traits result from natural selection, as the existence of neutral 
traits with no adaptive value is possible and requires explanation. 

Usually genome and gene duplication, which play a very important 
role in evolution, are not included in the theory of neutral evolution 
(Ohno 1970). However, increases in the genome size and development 
of new functions probably are due to genome duplication. In gene 
duplication the genome is extended by a piece of DNA, a copy of an 
existing gene, which is neutral regarding selection. Its existence is 
neither advantageous nor harmful until the new piece of DNA gains 
a new function through subsequent mutations by which it becomes 
useful. 

It is quite clear that neither the existence of neutral mutations nor 
evolution by gene duplication has followed from the synthetic theory; 
moreover, taking it rigorously, they are denied by it. 


Punctuated evolution and stasis 


The problem of neutral evolution was first raised by population ge- 
neticists, and in the 1970s it was raised by those naturalists (or, more 
precisely, paleontologists) who attacked the neo-Darwinian theory. 

Eldredge (1971), Gould (Eldredge and Gould 1972, Gould and El- 
dredge 1977), and Stanley (1975, 1979) presented arguments based on 
paleontological evidence. They stated that traces of gradual change 
assumed by the neo-Darwinian theory cannot be found in the case 
of most species. Evolution as shown by fossils is characterized by 
sudden, great changes, and following stasis it is characterized by an 
equilibrium state lasting for millions of years, during which species 
do not change or change only slightly. The most important mecha- 
nism of macroevolution is the selection among species. This theory, 
which was termed “punctuated equilibrium,” has created an enor- 
mous confusion in evolutionary research, mainly because in support 
of the theory paleontologists presumed genetic mechanisms that for 
a long time have been doubted by geneticists. Such a mechanism, 
for example, is Goldschmidt’s (1940) theory of macromutations re- 
sulting in “hopeful monsters.” Goldschmidt assumed that in special 
cases large-scale genetic changes may be induced individually that can 
produce gross morphological changes (new organs, etc.) in one gen- 
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eration. However, it is well known that large-scale changes usually 
induce nonviable monsters, and a “hopeful monster” able to evolve 
any further has never been found. 

The concept of sudden changes also has been criticized widely be- 
cause 50,000 to 100,000 years is rather long for a geneticist to assume 
gradual changes, while this same period is very short on a paleontol- 
ogist’s time scale. Stebbins (1982) argued that gradual changes at the 
microevolutionary level permit large, sudden morphological changes 
at the macroevolutionary level. Others argue against the concept of 
stasis (Schopf 1982) by pointing out that only fossilized traits serve 
the paleontological models, and physiological and behavioral changes 
that usually accompany the origin of species are disregarded by pale- 
ontologists. There is a dangerous possibility that the constancy of a 
species is restricted to the “fossil species,” and the constancy of the 
real “biological species” could have been much shorter in time. Ac- 
cording to Charlesworth et al. (1982), punctuationists do not present 
any new facts requiring revision of the classical theory, and their 
findings are entirely consistent with the neo-Darwinian theory. The 
possibility of sudden changes was mentioned by one of the synthetic 
theory’s founders and was termed “quantum evolution” (Simpson 
1944). Wright (1982), one of the founding fathers of neo-Darwinism, 
thinks that the theory, especially his variant, the “shifting-balance” 
theory, can account for the paleontological findings. According to 
the shifting balance hypothesis, large populations quickly reach an 
equilibrium state during evolution and are maintained practically un- 
changed for a long time by stabilizing selection. However, small, iso- 
lated populations can shift to another equilibrium state through the 
mechanism of genetic drift, and so new species may originate. It is 
emphasized by Wright that the most important factor in the creation 
of a new species is the structure of the ecological niche that so far has 
been largely ignored by evolutionary theory. 

Finally, quite ironically, a paper has been published that attempts 
to prove that even Darwin was a punctuationist (Rhodes 1983). 

In a critical assessment of the arguments a firm conviction seems 
to develop, namely, that on a geological time scale the origin of a new 
species is a rapid process, the phenomenon of stasis is real, and the 
formulation of a new evolutionary theory is required that considers 
different levels of organization as the living world’s basic structure 
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and can provide a unifying explanation for processes of both micro- 
and macroevolution. 


Adaptation, fitness, and selection 


Adaptation is one of the synthetic theory’s most important and, 
recently, most debated concepts. In loose terms adaptation is an 
optimization process in which a population’s genetic architecture 
changes under the effects of environment in such a way that the 
changes favor survival and reproduction of the individuals within 
the population. In other words, in possession of the parameters of 
the environment, the optimal properties of an organism can be cal- 
culated, and their correspondence to actual traits can be analyzed 
(Lewontin 1979). Neo-Darwinian theoreticians have tried to turn this 
loose definition into an exact mathematical model, operating with 
gene frequencies and the Darwinian concept of “fitness”—the pheno- 
type or genotype’s probability of survival and rate of reproduction. 
Fitness is a consequence of the relationship between the organism’s 
phenotype and the environment in which the organism lives; so the 
same genotype will have different levels of fitness in different environ- 
ments. It follows from the theory that during adaptation the average 
fitness of alleles increases. The adaptation concept’s critics argue that 
within this framework adaptation is taken for granted, and investiga- 
tions are concerned with the ways in which various organisms adapt 
rather than with first establishing the fact of adaptation (Lewontin 
1979). It is beyond doubt, and experimentally demonstrated, that cer- 
tain traits are formed by strong selective forces. But this does not 
prove that all traits have originated as a result of selection and that 
only selection may have had a decisive role. Most genes affect many 
traits, i.e., they are “pleiotropic.” It is difficult to assume that a gene 
influencing many different traits can change during adaptation in a 
way that is optimal in all respects. It is more plausible to assume that 
traits also can be formed by random effects or can be the by-products 
of selection for other adaptive traits. 

The question also arises: what is a trait? If a fruitfly is examined, 
tens of thousands of traits can be described because the sole criterium 
of a trait is that it should be distinguishable. However, the various 
traits obviously are not entirely independent. Chromosomes of the 
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fruitfly carry a definite number of genes (something over five thou- 
sand) that are responsible for the development of all traits. The “real” 
number of phenotypes is somewhere between four thousand and sev- 
eral tens of thousand, but we do not have an appropriate systematics 
for the phenotypes that would provide an adequate estimate. 

Many reasonable criticisms have fallen on the adaptation concept, 
but one cannot give up the conviction that the environment influences 
the organisms and that the latter can occasionally adapt. Neverthe- 
less, the fact of adaptation is always questionable and requires solid 
evidence. 

Many authors also have criticized the definition of fitness. Beyond 
the fitness concept of population genetics, evolutionary theories use 
a concept referring to the whole organism, meaning the fitness of the 
individual based on its reproductive success. However, it was shown 
that this definition of fitness is tautological and overlooks empiri- 
cal content (Kimborough 1980, Michod 1981) at least in the form 
that defines the organisms of highest fitness as those that have sur- 
vived during evolution. Recently, some authors have tried to avoid 
the tautological definition by giving an empirical content and using 
an ecological interpretation of adaptation (Kimborough 1980). Eco- 
logical conditions are sought that influence the life and reproduction 
of organisms and to which they must adapt. 

Debates concerning fitness also raise the problem of the unit of 
selection. The concept of inclusive fitness was developed by socio- 
biologists (Hamilton 1964). It includes individual fitness (expressed 
in the number of offspring) and fitness represented by the reproduc- 
tive success of relatives carrying similar copies of given genes. Inclu- 
sive fitness is rather difficult to deal with at the level of individuals. 
Therefore, Dawkins (1976) promoted the idea of genes as the final 
units of selection. 

In his excellent and daring analysis Dawkins introduced the con- 
cept of replicators, which he regards as the unity of selection. Repli- 
cators are entities that interact with their environment and originate 
by copying. To Dawkins, genes are replicators, but organisms are not. 
Selective processes influence the structures of replicators. We note 
here that his concept resembles our concept of replicative informa- 
tion, introduced about the same time (see Csanyi 1978). Although 
the replicator concept solves several problems concerning the levels 
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of organization, it does not answer the questions raised in connection 
with adaptation and fitness. 

The most profound criticism of the traditional concept of adapta- 
tion and fitness was given by Ho and Saunders (1979), who showed 
that it is rather unjustified to suppose the necessity of highly selective 
conditions for the origin of new species. They find just the opposite; 
i.e., relaxation of selection favors an increase of variability and thus 
the origin of new species. Their idea of the complex nature of selec- 
tion will support some of our arguments later in this book. They sepa- 
rate stabilizing selection preserving various existing forms from other 
selective mechanisms that serve to secure the consistency of struc- 
tures with life. According to Ho and Saunders, the most important 
source of evolutionary change is interaction between environmental 
conditions and the epigenetic processes of ontogenesis. 

There are some remarkable attempts to use recent discoveries in 
microevolutionary processes to explain macroevolutionary phenom- 
ena. The finding of neutral mutants and observations on the con- 
tinuously changing nature of the genome reveal phenomena that 
must somehow also be expressed at the macroevolutionary level. 
One popular explanation is the “Red Queen” hypothesis of Van Valen 
(1973). This theory states that an advantage gained by some species 
through adaptation is expressed as a degradation of environmental 
conditions for the ecosystem’s other species. The degradation of envi- 
ronmental conditions, in turn, promotes adaptive changes in these 
species that produce further changes in those that are influenced. 
In such a way a continuous change, a kind of “running-in-place,” is 
created, which is reflected in continuous changes of nucleotides in 
the DNA at the microevolutionary level. This hypothesis agrees with 
ecological models predicting the continuous origin and extinction of 
species (MacArthur and Wilson 1963). 


The meaning of adaptation, fitness, and 
selection in the autogenetic model 


The problems discussed above point to the most fundamental insuffi- 
ciencies of current evolutionary thinking, namely, that it separates 
evolutionary processes from each other and ignores the levels of orga- 
nization and the fact that the whole biosphere is a systemic unity, 
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the changes of which can be understood best in the systems science’s 
theoretical framework. What we are attempting here is to provide 
just such an interpretation of these concepts. 

Theories of classical biology always attempted to find explanations 
for biological phenomena starting at lower levels of organization and 
then moving upward (if they considered organizational levels at all). 
Such an analysis was suitable for only causal explanations and unsuit- 
able for an ultimate understanding. To distinguish between two kinds 
of explanation, we take the example of enzyme reactions. An enzyme 
molecule can be regarded as a specific constraint, influencing the dy- 
namics at a lower level (chemical reactions). Analysis of the enzyme 
structure and mechanisms of enzyme reactions provided explanations 
of how enzymes function—that is, the mechanism of enzyme cataly- 
sis—but this analysis is unsuitable in principle for clarification of why 
enzymes have been created, why exactly certain kinds have been cre- 
ated, etc. These questions can be answered only at the organizational 
level of the cell. In the same way at the organismic level the dy- 
namics of the organisms—their mutual interactions—are constrained 
by the ecological level, and these constraints can be understood only 
in the framework of ecology. Interpretation at the organismic level, 
or the even lower molecular level, is completely impossible. 

As has been stated by Ho and Saunders (1979), the levels of organi- 
zation show a temporal hierarchy. Organizational levels can be sepa- 
rated by the temporal characteristics of the dynamics of their compo- 
nents. Changes affecting the whole biosphere (at least in the course 
of known evolutionary history) have occurred over | to 10 million 
years. Changes shaping the ecosystems act on a scale of a hundred to 
a thousand years. Processes in organisms take seconds; the time scale 
within the cell is 1/1,000 to 1/10,000 second. These ranges can be 
distinguished very well, and they indicate that controlling effects act 
downward and not vice versa. The energy consumption of a multi- 
cellular organism is determined by its organismic needs (defense or 
work for food, for example) and not by internal microprocesses (be- 
tween given limits, of course). 

One characteristic of the whole biological system has caused many 
problems in evolutionary thinking and has been misunderstood many 
times. Namely, there are many organizational levels of the biosphere, 
but every change is fixed at the lowest molecular level in the DNA be- 
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cause of the very nature of the component-producing processes. Con- 
straints at the various levels influence the dynamics of lower levels, 
but the description of those constraints is embodied in the compo- 
nents of the lowest level. (Here we mention only that neural and 
cultural levels of evolution are different in this respect, as will be 
treated in detail.) It is quite clear that the behavior of the system 
would be very different if, for example, the constraints at each level 
were entirely independent of constraints at other levels. There are 
many consequences of this characteristic, and some will be discussed 
below. 

Occasionally, constraints at the various levels can change. Some of 
these changes are only temporary, as the constraints themselves are 
reproduced by the component-producing processes. Thus permanent 
changes can occur only if the component-producing processes change 
in a way that is fixed in the genome. There is not much sense in 
speaking about selection of individuals or species, because no selec- 
tion can change the system permanently unless the genome is 
changed. Therefore, the real unit of selection must be the gene, as 
Dawkins has argued. 

Adaptation can be considered the process of fixation within the 
genome of changes in constraints at the higher levels. As a conse- 
quence, the only processes that are adaptations are those that contrib- 
ute to the formation of the specific constraints. Chemical reactions in 
the cells are controlled by constraints, but not all chemical processes 
(not all chemical characters) are the consequence of constraints. The 
same is true for organisms. Interaction of cells creates the organism, 
and this process is controlled by the specific constraints of a higher 
level of organization. But not all traits are consequences of these con- 
straints. Various structural solutions, forms, etc., have occurred as 
a result of the cell’s spontaneous dynamics. Constraints appear only 
where they are needed for the higher level of organization; in other 
words, adaptation cannot be taken for granted. 

From our interpretation of adaptation it follows that fitness may 
have only a relative interpretation. Since there is a lag in all adapta- 
tion processes, fitness of a population can be calculated as the ratio 
of genotype frequencies and the mean frequency of the best possible 
genotypes in the given environment. This fitness value would show 
the degree of deviation of a given population from an ideal state. 
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Our concept of fitness, perhaps more exactly than the present one, 
expresses the population’s actual state on its course of adaptation to 
the present environment. (We put aside the question of whether the 
genotype of maximum fitness in a given environment can be deter- 
mined.) 

Before interpreting selection we must deal with the concept of 
species. Species can be regarded as components in the autogenetic 
model, but the level of species cannot be regarded as a separate level 
of organization. Species, just as organs of the multicellular organ- 
isms, have only a low degree of autonomy. For this reason we regard 
species as compartments, with individuals as their components, that 
mutually interact through reproduction and genetic recombination, 
resulting in a more or less coordinated replication. Therefore, the 
species is a replicative unity. Since we consider the species a com- 
partment, the origin of species is a process of compartmentalization. 
All effects that inhibit the free flow of genes among the populations 
of a species might lead to the formation of new subcompartments— 
that is, new species. Longtime geographical isolation, changes in the 
chromosomal structure, mutations inhibiting recombination, genome 
duplication, etc., all are these kinds of effects, possibly leading to spe- 
ciation. The species compartment probably is created as a result of the 
rapid spread of new favorable genetical structures by the mechanisms 
of recombination and replication, and so a great number of similar 
components (individuals) are produced. At the same time division 
of the species into subspecies and then the origin of new species are 
epiphenomena because they result from obstruction of the free flow 
of genes. 


Creative and negative selection 


Most problems concerning natural selection are connected with the 
fact that natural selection is not a homogeneous process. In discussing 
molecular evolution we have argued that there are two main types of 
natural selection (competitive and replicative) that are very different 
with respect to their outcomes. Other researchers also have recog- 
nized that natural selection is not homogeneous. Ho and Saunders 
(1979) contrasted stabilizing selection, which is negative in its effects, 
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with selection for viability. This distinction, even if it has not been 
elaborated in detail, is very similar to our distinction between com- 
petitive and replicative selection. Also worth mentioning is the idea 
of “autoselection” by Riedl (1978), which concerns the effects of 
already existing biological structures on their own selection. The 
stabilizing effect of competitive selection is well known; it has the 
primarily negative effect of eliminating new variants. (However, we 
cannot go into its details here.) Replicative selection, on the other 
hand, is a new concept, so we shall discuss its consequences in more 
detail. 

Replicative selection’s only negative effect is its elimination of 
changes that risk or inhibit replication—that is, division of cells or 
reproduction of higher organisms. Compared to this negative effect, 
its creativity has a much greater importance. Replicative selection 
permits every change that does not inhibit replication. The degree of 
freedom of replicative selection therefore is very high. There is an 
enormous variety and richness of forms, and all these are capable 
of self-replication. The creative nature of replicative selection can be 
shown satisfactorily. Its evolutionary creativity is evident to biolo- 
gists, and sources for this creativity have long been sought. Since it 
has been supposed that natural selection is homogeneous and com- 
petitive, demonstration of competitive selection’s creative nature has 
been attempted without much success. The variety of animals and 
plants specially bred by man are frequently mentioned as proofs of the 
creative nature of selection. However, these are not very good exam- 
ples because the creativity of artificial selection, while it is a process 
still under outside control, is organized by man. Natural selection is 
often regarded as the effect of the environment, so it may be impor- 
tant to interpret the concept of environment within the autogenetic 
model. Environment in the autogenetic model is very simple. It con- 
sists of energy, the source and sink that make the autogenetic process 
possible. When evolution of a particular organism is analyzed, biolo- 
gists tend to regard all other components of the biological system 
as the environment. This treatment simplifies the study, but it has 
the disadvantage of treating the environment as an outside factor. 
With this dichotomy of the organism and its environment, the most 
important characteristics—the mutual interactions of the biological 


108 Evolutionary systems and society 


systems—are excluded from our thinking. According to the definition 
of autogenetic process, the components of a system constitute a func- 
tional network, which continually renews the same network with 
an increasing precision; i.e., it self-replicates. Instead of the biologi- 
cal concept of environment, we are concerned with the functional 
network of components, and in that way the organism-environment 
division is replaced by a component-system dichotomy. There are far- 
reaching consequences of this approach. It is evident, for example, 
that the most important selective force—either replicative or com- 
petitive selection is involved—is the system itself (or, in terms of 
the autogenetic model, the system’s replicative information). Compo- 
nents of the biological system are materializations of the constraints 
of organizational levels. The functional system of constraints is the 
system’s organization. This organization is the active selective force 
behind both replicative and competitive selection. In that way the 
already existing organization is related to itself through positive feed- 
back. The self-organizing properties of the autogenetic system are a 
direct consequence of this positive feedback. 


Creative and negative selection at various 
organizational levels 


Going downward, five major organizational levels can be distin- 
guished in the biosphere. 


Fifth level: the biosphere 


This is the highest level. Therefore, there are no constraints that 
could influence the dynamics of this level’s single component—the 
biosphere of Earth. Conditions of selection are determined only by 
the physical conditions of the system’s existence: radiation from the 
Sun, chemical-geological conditions of the Earth’s surface, abiologi- 
cal atmospheric processes, temperature, etc. Competitive selection 
also is absent from the biosphere’s organizational level as there is 
only one component. Replication of the building blocks of the bio- 
sphere provides the nonidentical replication for the whole system. 
The biosphere system is open; its operation, provided it can replicate, 
has no constraints besides the physical conditions. 
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Fourth level: the ecosystems 


Here, and on all lower levels, conditions and constraints will be 
distinguished. Constraints can be interpreted as imposed from the 
next higher level of organization. Conditions are either outside physi- 
cal parameters or the effects of organizational levels above the next 
higher level. 

There is an organizational level above that of ecosystems, and con- 
straints on ecosystems arise from this level. These constraints are 
created by the totality of the biosphere, for example, the biologically 
produced free oxygen, carbon dioxide, water, etc. Constraints cre- 
ated by the bio-geochemical cycles, or by the space requirement of 
the various communities, also belong to this higher level. Conditions 
are created by local chemical and physical paramaters, leaving out 
of consideration which of those originate from internal interactions 
within the communities. The role of negative stabilizing selection is 
to promote adaptation of the system’s components—the communi- 
ties—to the constraints. Replicative selection is open and creative. 
Replication is in the nonidentical phase. 


Third level: the organisms 


The components at this level are the species, and individuals are the 
subcomponents within them. The specific constraints at this level 
correspond to the replicative information expressed in the niche net- 
works of the ecosystems. Stabilizing selection acts according to the 
replicative information of the occupied niches. Replicative selection 
also is constrained and is subject to the replicative information con- 
tent of the empty niches; therefore, its creativity is minimal. The 
conditions of the organisms’ existence are determined by the chemical 
and physical parameters of the biosphere. Replication of the compo- 
nents is nearly identical. 


Second level: the cells 


The living conditions of the existence of cells are determined by the 
internal environment of communities. The specific constraints at this 
level are determined by the replicative information of the organisms. 


110 Evolutionary systems and society 


Stabilizing selection is weak, but still detectable, and the replicative 
selection mainly concerns viability. Its creativity is extremely low. 
There is very little chance for a cell to change adaptively because all 
new variants must fit into the organism’s existing organization. In 
the cases of free-living cellular organisms, this constraint is absent. 
Replication of cell components is almost identical. 


First level: the molecules 


Conditions are given by the organism’s internal environment (or the 
physical environment of the community in the case of unicellular 
organisms), while constraints are determined by the replicative in- 
formation located in the cell. Stabilizing selection can be detected 
among the molecules. Creativity of the replicative selection is almost 
negligible, although it is not zero, because creativity of the biosphere 
is manifested in the changes of molecular structures. The degrees 
of freedom of changes, however, are only a fraction of those at the 
higher levels. Structural changes are permitted only if they fit into the 
system of constraints and conditions created by all the higher levels. 
Replication of the molecular components is almost identical. 

The organizational structure of the biosphere is open from above. 
The degrees of freedom increase upward, and at the highest level, 
aside from the external conditions, only the replicative selection of 
the components themselves restricts changes in the system. 

Knowing the organizational levels, the direction of evolution can 
be determined. The evolutionary process starting from the first 
zero-system proceeds in the direction of maximizing replicative 
information contained by the system. Maximization of replicative 
information is realized through the convergence of the system’s com- 
partments on each organizational level. The physical space of the 
autogenetic compartments of subsequent organizational levels in- 
creases. The range of forces forming the compartments also increases 
on each subsequent level, as has been discussed (figure 16). 

Evolution of the biosphere has not proceeded at a steady rate; 
sometimes existing ecosystems change abruptly. The dinosaur eco- 
system, for example, had been stable for 100 million years when it 
was abruptly changed and followed by an entirely new ecosystem. 
A complex mammalian megafauna was formed that was no differ- 
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Figure 16 Organizational levels of evolution on Earth. 
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ent from the previous ecosystem in terms of its organizational levels, 
although its complexity, especially with regard to man’s emergence, 
probably became greater. In establishing the direction and dynam- 
ics of the evolutionary process we have to consider outside factors 
influencing autogenesis (see catastrophe hypotheses by Alvarez et 
al. 1980, Smith and Hertogen 1980, Alvarez et al. 1984). If powerful, 
destructive, outside influences (volcanic activity, effects from outer 
space, drastic climatic change, etc.) befall the biosphere, then some 
of its components coordinated by a replicative organization may be- 
come destroyed and the system’s identity changed. If conditions for 
life remain between tolerable limits, then a new autogenetic process 
begins, with the remnant of the biosphere functioning as a system 
precursor. The functions of existing components “search” for oppor- 
tunities to close the replicative chains. New cyclic processes start, 
and a new replicative organization, with a new identity, is created. 
Obviously, the more complex the original biosphere was, the more 
complex the remaining system precursor can be, even in a case of 
large-scale damage. Thus the following autogenesis may result in a 
greater complexity, but it probably will not create a higher organiza- 
tional level. Quite possibly the great complexity of the biosphere on 
Earth was created by random but frequently repeated outside effects. 
This mechanism would accord with the theory of punctuated evolu- 
tion. The phenomenon of stasis could express replication at a higher 
level of fidelity by the ecosystems. Sudden changes accompanied by 
the origin of new species might reflect the temporary collapse of the 
replicative system and subsequent autogenesis. 

Both internal and outside factors may have a role in forming the 
biosphere’s present complexity. Internal factors promote the increase 
of complexity until the range of the controlling constraints reaches 
the system’s physical limits. This probably is the factor that increases 
complexity in a steady but slower way. Catastrophes caused by out- 
side factors probably increase complexity more rapidly—but unpre- 
dictably. If the system ever reaches the phase of identical replication, 
then only outside factors will promote any changes in it. 


6 Neural Evolution 


The essence of the forthcoming hypothesis is the assumption that 
animal memory is based on the interaction of replicative components 
formed by neural interconnections. From this assumption follows the 
development of a new type of evolutionary system. While the struc- 
ture and features of DNA, the basis of biological evolution, are well 
known, there is only indirect evidence for the existence of replicating 
elements of memory. (However, it should be kept in mind that Dar- 
win formulated his evolutionary theory without any basic knowledge 
of genetics. ) 


Energy flows in the multicellular organisms 


The highly differentiated cells of multiceliular organisms intensively 
exchange matter and energy. Almost 20 percent of the body’s total 
energy requirement is used by the brain (Lajtha 1974). Only a small 
percentage of this substantial energy is necessary for the brain’s elec- 
tric activity, while most of it is used for the continuous chemical 
renewal of neurons. 

The most intensive protein synthesis takes place in the brain; how- 
ever, its exact biological function is not yet understood. The most 
essential feature of the matter and energy exchange determining the 
connections between groups of neural cells and between these and 
other cells is that its control is partly subject to external factors. These 
factors, the stimuli, open certain specific channels for the energy flow 
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going through the nervous system. The more complex the nervous 
system, the more complicated is the route of energy flow, and the 
longer that excitation produced by external stimuli is stored in the 
brain’s structures. In the autogenetic systems discussed so far it was 
evident that the energy flowing through a component system acts as 
an organizing force; in response, the system deviates from equilib- 
rium, and its structure becomes more and more complex. 

The effect of the energy flow through the nervous system is ex- 
pressed in animal behavior. One of the most important aspects of 
animal behavior is the response to external stimuli. According to 
Lorenz, the most primitive kind of response is instantaneous (Lorenz 
1973). Receptors of unicellular organisms essentially work in this in- 
stantaneous manner (Gould 1974), for the primitive organism and 
its environment can influence each other only simultaneously. In 
multicellular invertebrates a new type of response, sensitization, ap- 
pears. In the course of sensitization the excited state of receptor cells, 
transmitted to the nervous system, evokes not only an immediate 
reaction within the nervous system but produces a lasting state of 
excitement. The organism reacts to the reappearance of the stimu- 
lus more immediately, more directly, and more effectively (Wyers 
1976). The mechanism of habituation is essentially similar. Experi- 
ments on the sea snail, Aplysia californica, show that habituation to 
touching is based on the exhaustion of interneurons connected to the 
receptor cells. No similar exhaustion takes place even after tens of 
thousands of stimulations in the receptor cells. The ability to habitu- 
ate involves the “disconnection” of repeatedly occurring stimuli, that 
is, the attitude of reservation and inactivity. These two complemen- 
tary processes, sensitization and habituation, provide the basis for 
higher cerebral function. This triad—the complex of receptor cell, 
interneurons capable of sensitization and habituation, and the motor 
neuron—provides the simplest neural model of behavior. Study of 
the nervous system and the behavior of invertebrates points to the 
dominant role in behavior of neural networks generating autonomous 
reflexes (Wilson 1970) and inherited locomotive patterns (Bullock 
and Horridge 1965, Kandel 1976). The structure of neural networks is 
very stable and shows only insignificant individual variability (Hoyle 
and Burrolus 1973). The permanent changes induced by environmen- 
tal effects such as learning and memory already can be detected in 
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a rudimentary form, but with some special exceptions they play a 
secondary role. In other words, the organizational effect on simple 
neurons of the energy flow through the system is still negligible. 

On the other hand, the neural activity of vertebrates is character- 
ized by a continuous and irreversible “reorganization” of the neural 
network, which is induced by the environment and lasts from birth 
to death. Here, too, the receptor and motor structures are fundamen- 
tally invariant and genetically determined; neural structures capable 
of storing the energy modulated by information coming from the envi- 
ronment have evolved, reaching extreme complexity (Rakic 1975). 


Models of the external world in the brain 


For the simplest neural systems the external world consists entirely 
of a few stimuli. This external structure of stimuli becomes, so to 
say, projected into the nervous system through the processes of sen- 
sitization and habituation. The motor apparatuses are not activated 
directly and exclusively by external stimuli reaching the receptor, but 
by the integrated effect of the external stimuli reaching the receptors 
and an interposed “model” composed of interneuron-type networks. 
Together, the two shape and elicit the response reaction (Craik 1943). 
Mechanisms that adjust the internal parameters of the organisms to 
random or temporary changes in the environment can be found at 
every level of the living organization. These controlling processes 
constitute physiological adaptation. The nervous system is a special 
organ of animals’ adaptation, created in the evolutionary process 
to coordinate the various processes of adaptation. It was brilliantly 
shown by MacKay (1951-52) that the essence of this adaptation is 
goal-directed behavior, and neither vitalistic nor anthropomorphic 
concepts are required to explain it. Goal-directed behavior has a sim- 
ple cybernetic explanation if we consider the organism a system, with 
a number of feedback loops, capable of changing its own parameters. 

The definition of goal “X” pursued by system “A” would be as fol- 
lows: let “Y” represent “A” and its present environment, and let “X” 
equal “A” in a state in which it has reached its goal. Then “A” will 
show goal-directed behavior if it performs such internal or external 
movement that attempts to minimize the difference between “X” and 
“Y.” This definition of goal-directed behavior is valid not only for 
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living organisms but for artificial cybernetic constructions. It follows 
from the definition that a system capable of showing goal-directed 
behavior has to possess certain mechanisms. It is necessary that the 
system can distinguish between states “X” and “Y”; that is, it has 
to have some kind of recognition subsystem. Furthermore, it must be 
able to change its own state, based on this recognition process, which 
in the case of artificial systems can be very simple (e.g., the heat 
sensor of a thermostat). Finally, it is necessary that the system carry 
internal representations of possible goals, for without them it could 
not recognize differences and change. 

Subsystems of recognition and change are well known in living or- 
ganisms. Inner representations are made possible by the mechanisms 
of memory. However, the question of the organization of internal rep- 
resentation is more complex. Physiological adaptation is principally 
a relationship to the environment. An organism’s adaptive “goal” is 
to survive in its environment, so the internal representation must be 
one of the environment including the given organism. 

The environment’s internal representation can be considered as a 
construction, which in essence is a model—more precisely, a dy- 
namic model of the environment. By model we mean a systems sci- 
ence definition; i.e., a model is always a simpler system in which the 
components and the interactions of components reflect the compo- 
nents and some interactions of a more complex system (Mesarovic 
1964). Model-building, therefore, is always a kind of simplification 
and a special identification between two different systems, of which 
one is the model and the other is the system being modeled. The 
model is used by being operated, and based upon its operation we 
predict the behavior of the system being modeled. 

The environment is an enormously complex system, and its simpli- 
fied model is a representation constructed by the animal brain. This 
model includes environmental factors and those interactions most 
important for the survival and reproduction of animals. 

The animal brain’s most important biological function is the con- 
struction of a dynamic model of the environment, the continuous 
maintenance and operation of the model, and use of the data obtained 
by operation for predictions in the interest of the animal’s survival and 
reproduction. 

If we consider cognition (as MacKay has done) as the ability to 
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construct models, a very useful concept is obtained. It is obvious 
that all animals, including humans, belong to a common class, be- 
cause all nervous systems are able to model their environment. That 
is, all animals have some kind of cognition. This definition reflects 
not only similarities but differences, because a complex system can 
be modeled both very simply and in a more complicated way. Simple 
models also predict some simple but important things for adaptation. 
For example, each animal “knows” that dark periods are followed by 
daylight. It is the model of the dark-light rhythm of the environment 
that establishes the diurnal cycle in the nervous system of animals. 
More complex phenomena also can be modeled. The brain of a wolf 
can make a model of not only the diurnal cycle, but the behavior of 
various prey animals, the responses of fellow members of the pack, 
the order of dominance within the pack, the effects of past events, 
etc. Ethological studies show that higher mental functions also can 
be found in animals (Griffin 1976, 1984, Menzel and Johnson 1976, 
Denett 1983, Epstein et al. 1984), as also has been demonstrated by 
electrophysiological experiments (John 1972). 

As long as the interneuron network is of low complexity, the mod- 
eling of the external world also is extremely primitive. The model’s 
structure consists of a few “excited” elements and their simple, tem- 
poral connections. In higher organisms strikingly exact images of the 
external world can be found. Fish, amphibia, birds, and mammals 
are all capable of storing the essential parameters of an encountered 
image in their memory and also of acting expediently in a later situa- 
tion without the presence of relevant stimuli (Beritashvili 1971). Rats 
can memorize maps of complex mazes, and, by comparing the actual 
stimuli with the internalized map, they precisely can orient them- 
selves in physical space (O’Keefe and Nadel 1974, Olton and Samuel- 
son 1976). 

According to MacKay, the neural model is not only a simple pro- 
jection but a kind of complex reconstruction containing instructions 
of the organism’s possible behavior in response to the external world’s 
stimuli (MacKay 1951-52, 1965). The animal’s activity is not orga- 
nized simply by responses to external stimuli, but also by expec- 
tations and analyses of situations based on internal analysis of the 
model formed in the nervous system (Gallistel 1980). The model is a 
dynamic representation of the animal’s environment—including se- 
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quences of events—that the brain uses as an internal reference for 
control in eliciting fear (Hebb 1946), orientation (Sokolov 1960), 
attack and defense (Archer 1976), avoidance of predators (Csanyi 
1985a, 1985b, 1985c), etc. 

In higher animals the formation of an environmental model to a 
great extent involves the internal representation of the animal itself. 
This process has culminated in the emergence of consciousness in apes 
(Gallup 1970) and man (Anderson 1984). Interestingly enough, this 
hypothesis, having appeared very early in behavioral science (Kre- 
chevsky 1932, Tolman 1932), was overshadowed by various trends of 
behaviorism. Recently, ethological studies have provided further evi- 
dence of the existence of internal models and images and even of their 
important role in animal behavior—for example, in the formation 
of prey-predator relationships and in the appearance of genetic poly- 
morphisms (Tinbergen 1960, Croze 1970). A brilliant systems science 
analysis of brain functions was given by Laszlo (1969). 


The structure of the modeling brain 


In getting to know the various neural structures we proceed naturally 
from the simple toward the complex. Until recent years the amaz- 
ing complexity of the cortex, at the top of the hierarchy, seemed 
to pose an almost insolvable problem for neurobiologists. The first 
hope to find an organizing principle was based on experiments indi- 
cating that in the cortex (especially in sensory areas) there are dis- 
crete structural units (Mountcastle 1967, Woolsey and Van der Loos 
1970, Hubel and Wiesel 1974). Szentagothai’s module concept was 
a breakthrough; its elaboration yielded direct anatomical evidence, 
too (Szentagothai 1967, 1972, 1975, 1978a, 1978c). Parallel cylindri- 
cal structures of a diameter of 200 to 300 m can be detected in the 
cortex’s complex neural network. These structures have ample con- 
nections both with other subcortical structures and with one another. 
Each column contains several thousand neurons, and their inter- 
nal structure is strictly determined. Between adjacent columns there 
is a mutual synaptic connection of a “quasi-random” character ex- 
tending to a more than ten-column distance. Szentagothai regards 
the anatomical structures corresponding to the column as a kind of 
module analogous to integrated electric circuits, and playing a basic 
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role in the cortex’s physiological functioning. The first brain theo- 
ries based on the activity of the module units already have been set 
forth (Eccles 1976). Perhaps the most promising is a kind of combina- 
tion of the module concept and Edelman’s “group selection” theory 
(Szentagothai 1978b). 

Edelman’s phenomenological model assumes that there are 
“groups” consisting of a few hundred to a few thousand neurons 
capable of signal pattern recognition. The signal patterns arriving at 
the cortex seemingly select from the “repertoire” constituted by the 
groups. The groups are degenerate; that is, the same pattern can be 
recognized by more than one group, depending on their actual state. 
The “primary” groups develop in the course of embryogenesis, and 
their internal connections are largely determined genetically. The de- 
generation of the groups is the basis of associative recognition. Edel- 
man’s second basic assumption is that the signal patterns reaching 
the cortex repeatedly “reenter” after the first group selection and in 
each cycle make a new selection among the primary groups. As a 
consequence of degeneration, certain groups are exchanged for others 
when new signal patterns enter, while other groups may repeatedly 
get excited. The groups frequently excited undergo permanent synap- 
tic changes and compose a “secondary repertoire,” which is the basis 
of memory. Edelman (1977) believes that group-degenerative selec- 
tion and the repeated reentry of signal patterns provide the basis for 
higher mental processes. Although a phenomenological model is not 
supposed to account for underlying mechanisms, there is an obvious 
analogy between the “groups” of Edelman’s primary and secondary 
repertoires and Szentagothai’s modules, as was noted by Szentagothai 
(1978b). Thus one of the basic assumptions has been put on a firm 
footing. The postulate of the reentry of the signal patterns by Edel- 
man also seems to be fairly realistic. 

The first notion which holds that a critical inner process sensitive to 
external effects plays a role in the storage and permanent processing 
of information entering the brain is almost eighty years old. Based on 
examinations of partial memory loss in traumatized patients, Miller 
and Pilzecker proposed a “perseverative” neural process, supposedly 
playing a part in the storage of long-term memory (Miller and Pil- 
zecker 1900). They found that after serious accidents patients are 
unable to remember events preceding the accident by one to two min- 
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utes, probably because the time is too short for forming permanent 
memory traces. Similar data also have been accumulated (Russel and 
Nathan 1946). It is supposed that the neural basis of perseverative 
phenomena is provided by “reverberative loops” formed in the neu- 
ral networks (Hilgard and Marguis 1940, Hebb 1946), the existence 
of which could be directly shown (Burns 1958). Thus memory has 
an unstable phase, based solely on the electric activity of neurons. 
Recent studies have disclosed further and finer details. First of all, 
they have shown that smaller gradual electric changes of potential 
also can propagate in a neural network, especially through dendritic 
connections (Schmitt et al. 1976). The effect of a weak electric field 
on the biochemical activity of the membrane of neurons was success- 
fully demonstrated (Bawin and Adey 1976). Besides the well-known 
“projective” neurons with long axons, a decisive role in shaping the 
nervous system’s specific features is attributed to the “local networks” 
containing only a few neurons. These microelectric circuits are to 
an even greater extent sensitive to any change of electric potential 
(Rakic 1975). There are groups consisting of a higher number of neu- 
rons showing a mosaic of coordinated temporal electric activity that 
is constantly transmitted to distant areas of the brain. The activity 
mosaics are elicited not only by external stimuli but are connected 
with the recollection of memory. It is highly probable that consoli- 
dation of memory is based on the repetition several thousand times 
of the temporal activity of neuronal groups (John 1967, 1972). Pre- 
sently, the exact physiological function of modules still has not been 
clarified; neither have the mechanisms of the formation of rhythmic 
activity patterns observed by John and others. It is very likely that the 
modules play a basic role in processing information getting into the 
cerebral cortex, and some causal correlation probably will be found 
between the two phenomena. The best phenomenological approxi- 
mation at present is still represented by Edelman’s model. 

The modeling activity of the brain manifests itself in the develop- 
ment of higher organization above the level of neurons. Milner (1976, 
1977) assumed the emergence of structures consisting of intercellu- 
lar connections that would correspond to the stimulus, the drive, the 
response, or even the expectable results of possible responses. These 
associative structures are concepts. The confluence of concepts forms 
higher active neural networks that determine the animal’s behavior in 
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a given situation. These neural networks represent the brain’s mod- 
eling activity. Neurophysiological experiments were carried out to 
prove the existence of concepts (Stuss and Picton 1978). The connec- 
tions between motor functions and cortical models were examined in 
detail, and the connections between cortical areas and motor activity 
were found to be quite loose (Pribram 1976). It seems that processes 
taking place in the cortical regions are not so much linked to motor 
activity itself as to the purpose and consequences of motor action 
(MacKay 1966, Evarts 1967, Grastyan et al. 1978). Watanabe (1979) 
found certain groups of neurons in the cerebral cortex of cats that 
showed an activity correlated only with the context and content of 
the stimulus and having no connection with its physical parameters. 
Therefore, it is certain that the models produced in the brain some- 
how can be converted into motor activity. A basically similar situa- 
tion was found in the control of the neural mechanism of speech. 
It can be demonstrated that cerebral representation of each concept 
is separately activated and that representation of the corresponding 
word is activated only at the time of verbalization, which in turn 
elicits the motor patterns of the larynx during speech (Penfield and 
Roberts 1966, Johnson-Laird et al. 1974). 

Study of the brain’s modeling activity is one of the most rapidly 
developing fields of neurobiology, but it is beyond the scope of this 
work. There still are two important things to be mentioned here, 
however. First, the modeling process is not a kind of photographic 
representation, but rather a complex, hierarchically ordered abstract 
organization of information. The mass of information entering the 
brain from the peripheries is concentrated and interpreted by the 
brain, and only selected parts (or excerpts) pass to the next levels 
of hierarchy where concentration is repeated several times (Jerison 
1978). Second, by computerized electroencephalography it is possible 
to analyze data of the cerebral processes connected with sensation, 
subjective feelings, and conscious activities. There is a detectable 
difference in EEG waves, for example, when in a written text someone 
recognizes the same word as a noun or verb. Also it can be recognized 
that someone is expecting a special, external stimulus. There is a 
detectable invariant component, for example, in the recognition of 
squares of various sizes; that is, the abstraction process can be traced. 
Special memory content can be recognized, as can the recollection of 
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memory and its comparison with present circumstances, etc. (John 
et al. 1977). 

We should point out that although the purpose of most brain models 
is to explain human cerebral activity, it is almost generally accepted 
that, concerning the basic processes, the brains of vertebrates and 
among them those of mammals are only marginally different from one 
another. It also is obvious that the higher processes, e.g., conscious 
activity, have developed not by leaps but gradually, and that differ- 
ences between individual animal species are more of a quantitative 
character (Griffin 1976, Menzel and Johnson 1976, Sperry 1976). 


Replicative memory model of the brain 


Accepting the Szentagothai-Edelman-John-Milner conceptions, we 
should point out a completely novel aspect of the relationships be- 
tween various phenomena: notably, that in the brains of vertebrates 
an autogenetic system is working. The evidence concerning this idea 
will now be summarized in our new brain theory. 

Excitable building blocks of the autogenetic model can be identified 
with neurons, and the higher structures formed by the interactions 
of neurons are considered components of the neural system that are 
continuously built up and dismantled. The inner structure of these 
components is still uncertain. 

The brain’s modeling activity manifests itself in the formation of 
higher organizations. How are these organizations constructed? Ac- 
cording to Edelman and Milner, they consist of neurons and neuronal 
connections. According to John, they are composed of temporal pat- 
terns of electric potential changes. There also is a third possibility: 
the organization might be based in the temporary electric connections 
of the Szentagothai modules. At present, it would be fairly difficult 
to adopt any of these possibilities, and a new theoretical solution— 
or some synthesis of the existing theories—cannot be excluded. The 
John hypothesis seems the most plausible because it allows the great- 
est freedom for structures to be formed. The same potential pattern 
can develop in various parts of the brain; that is, the same structure 
can be transferred to the most different parts of the brain. Because of 
the differences among fixed neurons, the other two hypotheses would 
allow only a much more rigid and limited superstructure-building. 
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The self-organizing properties of neuronal groups were analyzed on a 
theoretical ground by Dalenoort (1982). 

This question, however, can be left open. There is sufficient evi- 
dence for the existence of some kind of “superstructures” in the brain 
that developed as a result of neuronal activity. The actual form of 
these structures is not fundamental for our present purposes. During 
the development of the gene concept there was a similar situation 
in genetics. For a long time the gene was believed to be a complex 
protein structure, and the foundations of genetics were successfully 
laid without revealing the true nature of genes. 

Let us follow our line of thought by stating that brain activity is 
accompanied by the formation of organized structures that we regard 
as components of the neural system. After Milner, we call these com- 
ponents concepts. Their appearance and state of excitation obviously 
depend on already existing states of excitation. Namely, the concepts 
can influence the probability of genesis of each other; i.e., they have 
functions in terms of definitions used in connection with the auto- 
genetic theory. The evolutionary zero-system characteristically con- 
tains excitable units that form higher structures (components) having 
functions. Therefore, it is worth examining whether other character- 
istics of evolutionary phenomena can be found in brain activity. 


Concepts as replicative structures 


If concepts are assumed to develop by the effects of external stimuli 
through group-degenerative selection of neurons and reentrant sig- 
nals, essentially a replicative process is supposed. Each cycle of the 
reentrant signal mechanism corresponds to a replicative cycle. The 
rhythmic temporal activity pattern of large neuron groups also means 
multiple repetition and also could correspond to a series of replicative 
cycles. The question is the fate of the replicates produced. It is certain 
that in most cases they do not disappear without trace since the “sec- 
ondary repertoire,” i.e., the lasting memory, develops just as a result 
of the reverberation of repeated entries. It means that concepts are in 
two states: in their “resting phase” they exist in the form of lasting 
memory traces; in the “multiplicating phase” they go through thou- 
sands of replications in the course of repeated reentries, and finally 
they get into the resting phase again up to the next recollection. The 


124 Evolutionary systems and society 


problems of recollection cannot be dealt with here, but independent 
of whether concepts are made of neuronal connections or potential 
patterns it should by all means be assumed that these structures can 
be repeatedly “recollected.” John and Edelman in their model also 
offer some ideas concerning this problem (John 1967, Edelman 1977). 
During replication of concepts each “copy” corresponds to the mem- 
ory trace developing in one reverberating cycle. Since on the average 
several thousands of replicative cycles should be reckoned with (John 
1967), the number of copies of evolving concepts can be quite large, 
and probably they are stored most economically. Unfortunately, not 
much is known about the mode of storage of lasting memory traces. 
The majority of authors believe they are stored not in well-defined, 
discrete neuron groups but in some kind of “dispersed” storage mecha- 
nism (Lashley 1950, John 1972, Pribram et al. 1974). If, as we assume 
in the replicative cycle, concepts can spread over large zones of the 
brain, then in the resting phase they can be found in many copies and 
over relatively large regions. 

In this case, however, the phenomena providing the basis for vari- 
ous hypotheses of “dispersed” storage can be interpreted even assum- 
ing a completely discrete storing mechanism. For example, Lashley’s 
(1950) “law of mass action” could be seen as a direct consequence 
of the replicative model. The “law of mass action” was based on ex- 
periments in which cortical areas of various sizes had been surgically 
removed in experimental animals before their problem-solving ability 
was tested. It was found that by removing increasing pieces of the cor- 
tex, the animals’ achievements became more and more superficial. 
But deficiency in any special feature of the task was not detected. This 
is very difficult to interpret unless we assume the simultaneous and 
parallel presence of numerous copies of the concept structures in the 
“module field,” all having nearly the same function and effect. This 
may happen, for example, when through reentrant signals the excited 
neuron group activates the part of the network that is similar to it- 
self, or when the patterns of the activated part of the neuron network 
are slowly “spreading,” always activating newer parts of the “module 
field” while always corresponding to the original concept structure in 
its pattern. If, for example, it is assumed that a single module element 
is capable of recognizing various signal patterns, but on entry of each 
pattern it “assigns” only a single neuron or some specific neurons as 
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elements of the developing concept structure (that is, the deposit of 
lasting memory), then the same module can be part of various con- 
cepts, and the same concept can exist in many parallel copies. The 
rhythmic activity of the simultaneously activated concept popula- 
tion can be seen as Szentagothai’s “dynamic patterns” (Szentagothai 
1978b). These questions, however, can be decided only by becoming 
more familiar with the physiological functions of modules and with 
the mechanism of long-term memory. 

Interestingly, theoretical questions concerning the replication of 
structures consisting of excitable elements have already been dealt 
with by several workers. Von Neumann (1966) devised the general 
theory of self-reproducing automata. The basis of his two-dimen- 
sional model is a planar quadratic lattice in each cell of which there 
is an excitable finite automaton of twenty-nine possible states. Its 
actual state is determined unequivocally by the state of adjacent cells. 
From about 200,000 cells a self-reproducing structure with universal 
computing and constructing abilities can be built. Since Neumann’s 
investigations, numerous simpler self-reproducing cellular automata 
have been devised (Codd 1968, Burks 1970, Laing 1977). 

As far as the basic principle is concerned, there is considerable 
similarity between the replication of concepts consisting of the ex- 
citable Szentagothai modules and the functioning of the Neumann 
cell-automaton. The possible number of states of the real module is 
definitely over twenty-nine; the real superstructure is not two- but 
three-dimensional; and perhaps for this reason fewer than 200,000 
elementary units are sufficient to construct one replicative structure. 
The crucial question is whether the activated structure really under- 
goes physical replication, which is the basic postulate of the autoge- 
netic model. 

The question of the concept structure’s stability has not been dealt 
with here. However, there are two alternatives. The life span of in- 
dividual concepts in the resting phase can be in the range of the or- 
ganism’s life span; that is, the decay of concepts during storage need 
not be reckoned with. A fairly great number of human studies sup- 
port this possibility (Penfield and Roberts 1966); so do a few data on 
animals (Skinner 1968). The second alternative supported mainly by 
experiments on animal memory (Wickelgren 1972) would be that the 
concept components have a much shorter life span than the organ- 
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ism. Concerning our model, both alternatives have about the same 
value, although each requires specific supplementation that will not 
be discussed here. 


Selection, mutation, and recombination of concepts 


The idea of some kind of selective mechanism in mental processes 
already has been proposed on an intuitive basis (Pringle 1951, Pattee 
1965, Darlington 1972, Campbell 1974, Glassman 1977). Dawkins 
(1976) even has assumed the multiplication of memory traces analo- 
gous to the multiplication of genes. His ingenious line of reasoning 
about the struggle for survival of “memes” is very close to our theory, 
but as far as we know concrete models have not been worked out. 

An inherent feature of the replicative memory model is the assump- 
tion of selection. The replication of concepts takes place under the 
continuous controlling effect of various motivational mechanisms and 
the environment. Concepts having adaptive value for an animal get 
into the multiplication cycle more often, and therefore they are pro- 
duced in greater numbers than irrelevant ones or those that are harm- 
ful. As the number of modules is limited, the concepts are in constant 
competition for excitable module elements. Differential reproduction 
of concepts, being the essence of selection, is unambiguously real- 
ized. It is easy to see that “mutational” changes of concepts also 
occur. Selection of elements of the concept component is a group- 
degenerative process; that is, it often happens that in a replicative 
cycle an element with new properties is incorporated into the con- 
cept. The competition of different variants directly follows from the 
selective mechanism. It is conceivable that recombination of simul- 
taneously replicating concepts also may occur, thus producing new, 
even more adaptive forms. 


Autogenesis at the neural level 


In the previous discussion the existence of replicative structures in 
the bra‘n has been examined; now we will discuss whether the auto- 
genetic model suitably describes their behavior. 

We might begin by examining the conditions necessary for sponta- 
neous autogenesis in the nervous system during evolution. It is gen- 
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erally accepted that the nervous system of simpler animals is largely 
“wired in”; that is, a majority of neuronal connections are geneti- 
cally determined. At the same time even the most primitive organisms 
show habituation and sensitization, providing a possibility for the 
emergence of simple concepts. The study of these primitive animals 
certainly would provide important data, but it also seems essential to 
examine whether highly developed nervous systems are predictable 
on the basis of our autogenetic model. The most important questions 
are 

(a) Can traces of replicative organization be found in the nervous 
system? (b) Are there any system precursors? 

So far we have found that replicative organization emerges when 
the dynamics of the components of a given organizational level are 
influenced and controlled by constraints that can be interpreted on 
a higher level. In the case of the nervous system this higher level 
is behavior. For an analysis of the nervous system’s organization, 
data must be provided by the behavioral sciences. Behavior is the 
mode by which the animal secures the integrity, maintenance, and 
reproduction of its organism. Behavior is the output of the brain, 
and at the same time it is the “interface” that relays the effects of 
the environment to the animal. The animal’s body structure and its 
niche represent possibilities and constraints that also influence the 
animal’s brain. These constraints determine the boundary conditions 
under which the animal’s behavior is optimal and adaptive regard- 
ing survival and reproduction. However, this does not mean that all 
behavioral patterns are a priori adaptive; we must search for these, 
and solid evidence for their adaptive value must be provided. If the 
environmental model of the brain built up from concept components 
has indeed a replicative organization, then we must find the factors 
responsible for this at the level of behavior. 


Outlines of a behavior theory 


There are three important characteristics of animal behavior: it is 
cyclic, determined largely by genetical factors, and modifiable by 
environmental influences. 

(a) Behavior is cyclic. Maintenance of life and reproduction are 
based on hierarchically organized cyclic processes (figure 17). In ad- 
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Figure 17 Various cycles of animal life. 


dition to daily feeding and resting cycles, there are seasonal cycles of 
reproduction and migration. Encompassing these is the great cycle of 
changing generations. This cyclic organization is the basis for the type 
of cyclic activity in which concepts generate behavior units. Cyclicity 
is the condition that provides the mechanism for changing concepts, 
ensuring their recurrent activity. This cyclic organization is the exact 
analogue of the reproductive cycles of a molecular autogenetic system 
and of the replicative cycles of cellular and organismic autogenesis. 
Concepts not capable of cyclic activity will be selected against and 
will not participate in a replicative organization. All other concepts 
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can exist, provided their cyclic activation and the resulting behavior 
do not interrupt the great cycle necessary for survival and reproduc- 
tion. Replicative selection of concept components is provided by this 
organization. It is a creative process since all concepts that are not 
harmful in the above sense can survive whatever behavior they acti- 
vate. Practically, their survival also depends on stabilizing selection 
in two senses. There is competition among concepts. Reinforcement 
mechanisms of the brain favor concepts that lead to adaptive behav- 
ior in the given environment. On the other hand, in the case of strong 
competition among individuals, those individuals that can generate 
better (more adaptive) concepts will survive. This latter selection 
type influences the animal brain’s concept-generating mechanisms. 

(b) There are genetically determined behavior patterns that are ex- 
pressions of genetically determined concepts. Fixed action patterns, 
reflexes, innate preferences, and aversions are all forms of behavior 
that are maintained by such genetically determined concepts (Csanyi 
and Gervai 1986, Csanyi et al. 1985a, 1985b). 

(c) Another characteristic of behavior is that it can be modified 
by the environment. One way, among others, it can be modified is 
through learning. The idea that there is a close analogy between the 
learning process and biological evolution is not new, and it appears 
frequently in studies of animal behavior (Pringle 1951, Skinner 1966, 
Staddon and Simmelhag 1971, Pask 1972, Cloak 1975). However, so far 
no detailed theory has been elaborated that by its predictive power 
could supersede existing theories. Without being able to set forth 
such a theory, I would like to point out a few basic questions that 
arise while devising such a theory. 

A comprehensive learning theory should meet at least the following 
criteria: 

It should explain the mechanism of phylogenetic and ontogenetic 
variability of behavior. 

It should give a unified explanation of the neural organization of 
inherited and acquired forms of behavior, integrating the “etholog- 
ical” and “neurophysiological” approaches to the study of animal 
behavior. 

It should give a clear neurobiological explanation of the cyclic na- 
ture of various behavioral forms. 
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Variability of the behavioral phenotype 


Behavior, like any other phenotypic character, can be traced back to 
the animal’s genetic constitution, and certain forms of behavior are 
remarkably variable. Two distinctive factors create this variability. 
One is the varied genetic constitution. The other is the learning pro- 
cess. As phylogenetic selection presupposes the existence of genetic 
variability, the existence of genetic variations of behavior obviously 
follows. A wide range of genetic variability of behavior is known 
in behavior genetics (Fuller and Thompson 1978, Fuller and Simmel 
1983, Csanyi 1985a, 1985b, 1985c; Csanyi and Gervai 1986, Gervai 
and Csanyi 1985). On the other hand, the biological function of dif- 
ferent types of learning is to provide an even greater “ontogenetic” 
variability above the level of genetic organization. The main selec- 
tive factor of the sequence of behavioral patterns developing through 
learning affects the nervous system and shapes the most adaptive 
forms of behavior in a given situation. The existence of this selective 
mechanism has been elaborately analyzed in the study by Staddon 
and Simmelhag (1971). 


Concept: a functional unit of behavioral regulation 


It has been concluded that the activity of the animal brain manifests 
itself in producing and maintaining a kind of environmental model. 
Such a model may correspond to the activity of a single concept or 
several joint ones. If concepts are replicative, as has been assumed, 
then it is selection operating in the replicative process that acts as 
the main factor in creating ontogenetic variability of behavior. The 
essential process of learning is the selection of concepts generated by 
the brain. 

How is the genetic variability of behavior brought about? To answer, 
the concept structure has to be further dissected. The concept, as a 
neural model, is assumed to be composed of smaller, genetically deter- 
mined “elementary” behavior programs called instructions (MacKay 
1951-52). These are necessarily unchanged during a lifetime, but as 
a prerequisite of their phylogenetic development they must display 
adequate genetic variability within the population. As Cloak (1975) 
has suggested, it is expedient to suppose that elementary instructions 
are generally connected with an environmental stimulus cue, and the 
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Figure 18 Building blocks of the environmental model of the brain. 


appearance of a definite stimulus cue activates an elementary instruc- 
tion. If we want to include learning phenomena as well, this mecha- 
nism has to be supplemented. As has been noted, even the simplest 
of nervous systems are characterized by a triple division. Separate 
receptor neurons interact with stimuli; motor neurons create or me- 
diate behavior instruction; and interneurons, between receptors and 
motor neurons, serve as a reference for the activity of the three as a 
whole. The actual state of the network of interneurons, or their past 
activity, influences the choice of the actual behavior instruction and 
the extent of response (if response occurs at all). The phenomena of 
sensitization and habituation in simpler animals are good examples. 
These three functional components of behavior are retained even by 
the higher nervous systems, but the complexity of parts increases 
enormously and functional overlaps have developed. 

A higher animal is not “stimulated” by a stimulus but finds itself 
in a “situation.” It searches for food; it is chased or chases others, 
etc. Effects of light, sound, and mechanical vibrations signal concrete 
situations such as the presence of a predator or prey. Stimulus com- 
ponents of the particular situations elicit no isolated responses. More 
precisely, not only reflexes or fixed action patterns are activated, but 
the animal is in action; it escapes, attacks, or is thinking what to 
do. The reference is not simply a state of some neurons; but memory 
traces and their mutual interactions create experience and a general 
view of the environment. This operating scheme is shown in figure 18. 
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Perception cue 


The sensory apparatus is mainly genetically determined. Sensory 
organs of higher animals do not simply perceive and measure one- 
dimensional stimuli, but there are complex “interpreting” mecha- 
nisms that mediate relations of the external world to the central 
nervous system. The retina of the frog’s eye, for example, is itself a 
complex nervous system that extracts important and expedient in- 
formation from the environment. The retinal perception of higher 
animals like cats or monkeys contributes less to the processing of 
information, primarily mediating changes and contrasts. The inter- 
pretation of these phenomena occurs at the brain’s higher centers 
(Arbib 1972). It is not farfetched to assume that information pro- 
cessed by perception is divided into elementary units—for example, 
the textrons of Julesz (1981) or the perception of linear or oblique 
contours. Key stimuli defined by ethologists also belong to this class 
(Lorenz 1981). Genetic determination prevails in these small units, 
while the higher construction built up from them is learned. Put sim- 
ply, perception of contours and lines is inherited; that of the cube is 
learned. 

The ontogenetic influence of perception was shown by the famous 
experiments of Hubel and Wiesel (1974). They found that line per- 
ception in young cats is bound to the activity of certain groups of 
neurons, and these are able to develop normally only if the young ani- 
mal receives appropriate visual stimulation. If such stimulation does 
not occur at a certain early age, then the animals later are unable to 
perceive horizontal or vertical lines. 

Learning also influences perception. Specific “search images”—that 
is, when the animals are looking for specific food, prey, etc.—are 
clear examples. “Innate releasing mechanisms” also may be con- 
sidered perceptions (Lorenz 1981). Such releasers (the key stimuli) 
were found to play a role in parental behavior in birds. A certain 
configuration of stimuli, including several key stimuli, may induce 
adaptive responses without any previous experience. It can be shown 
that it is not the complete configuration of stimuli that influences the 
animal’s behavior but the key stimuli acting separately; the behavior 
is a sum of their effects. After several repetitions additional learn- 
ing forms a kind of “Gestalt” from the participating stimuli and the 
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situation’s other features. Releasing mechanisms are relatively primi- 
tive forms of response. This is so because stimulus and response 
are not yet separated, and perception is immediately followed by 
action without previous consultation with the reference neurons. 
Relative simplicity also is shown by the fact that releasing mecha- 
nisms play a dominant role in lower animals such as insects, other 
invertebrates, fish, and birds. Releasing mechanisms are occasionally 
found in higher animals, but very often learning may modify their 
effects. There are some properties of the physical environment— 
namely, space, objects, light, etc.—that are equally important for all 
higher species. Visual perceptual units such as lines, contours, angles, 
and movement are generally perceived by animals. The key stimulus- 
releasing mechanism complex has a similar informative function, but 
the message is species-specific. This complex mediates information 
from objects such as parents, progeny, food, etc., relevant to the given 
species. Just as in the visual perception process, only the most essen- 
tial part of the information in the environment is represented by the 
key stimulus. 


Referential mechanisms 


Environmental information reaches the central nervous system after 
being processed by receptors, and this processing continues in the 
higher centers. All mechanisms located in the central nervous system 
and dealing with further interpretation and processing of informa- 
tion are regarded as referential mechanisms. A part of these referen- 
tial mechanisms is genetically determined. Constraints resulting from 
the animal’s morphology, its primary motivational systems, inherited 
fears, phobias, and preferences, mechanisms of the internal rhythms, 
hormones—all belong here (Hinde and Stevenson-Hinde 1973). 
Another part of referential mechanisms is formed during the onto- 
genetic process; learned ideas, plans, intentions, and especially the 
memory belong here (Miller et al. 1960). To unite them, we employ 
the concept of cognitive space, often used in cognitive psychology. 
The animal brain’s cognitive space is an abstract space embodying all 
mental factors that participate in the processing of information me- 
diated by perception until the decision to select the relevant action 
is taken. Cognitive space has a very special structure. Traits of given 
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species assign certain sensitive points or fields, and memory traces 
bound to these play special roles in the animal’s life. In other parts 
of the cognitive space, memory traces can be built up only with great 
difficulty or not at all; i.e., the animal is unable to fix certain associa- 
tions. This may be illustrated by the concept of “preparedness” used 
in the physiology of learning. Rats are unable to associate the shape 
of food with its toxic effects. However, association is very quick (one 
trial is enough) between the taste of the food and its toxicity. It is just 
the opposite in some other species. Quails, for example, are able to 
associate color and shape with toxicity but unable to do so between 
taste and toxicity (Garcia et al. 1966). Cognitive space is nothing like 
a Euclidean space that has homogeneous parameters in the whole uni- 
verse of space. Cognitive space is multidimensional; its parameters 
change as a function of position in the space. The more developed a 
species, the greater are its possibilities to position a memory trace in 
its cognitive space. But this placing process depends not only on the 
number of repetitions but on the genetically determined parameters 
of the cognitive space. Genetic and environmental effects expressed 
in the cognitive space are mutually complementary. Without envi- 
ronmental effects (as in the case of an isolated, deprived animal), 
the cognitive space remains almost empty because only the actions 
of an active animal and responses of the environment together can 
build various concept structures into this space. But the rules of this 
construction are determined genetically. We put a greater emphasis 
on genetic constraints because the behavorist tradition of psychology 
has done just the opposite, having attributed importance exclusively 
to learning. Learning has been considered as a general process, but 
recent results urge us to change the old slogan that “everything can 
be taught and everybody can learn” to “everything can be taught to 
somebody, and everybody can learn something.” 

Properties of the cognitive space are important not only with re- 
spect to genetic constraints of the memory construction processes. 
Higher animals and man have a very complex cognitive space, and the 
concept structures developed in them influence the probability of one 
another’s genesis. Thus a higher organization—a new superstructure 
—is created (the mental “personality” of the animal), which varies 
according to the sequence of acquisition of new information, thus 
producing highly varied individual behavior. 
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An important parameter of cognitive space is that its structures 
can be transformed according to certain rules. Memory traces can be 
combined, and new solutions to problems may emerge. These trans- 
formations are active processes and are based on the fact that the 
cognitive space can accept information not only from outside but 
from internal processes. When the brain prepares a plan, the external 
information simply initiates the process, and future action is built up 
by transformation from structures already existing in the cognitive 
space. Thus there is an active internal construction mechanism in the 
cognitive space making the behavior of the higher animals so varied, 
planned, and conscious. Summing up, the cognitive space of the ani- 
mal brain is a complex, dynamic system embodying hierarchically 
organized, mutually interacting structures. It can manifest itself as 
a systemic unity, a kind of “worldview,” but of course not in human 
terms. This cognitive space governs the animal’s general behavior and 
its relations to the environment. 


Behavioral instruction and action 


Finally, we should analyze the third functional unit of behavior: be- 
havioral instruction. As we have noted, all animals possess numerous 
genetically determined behavioral instructions—responses such as re- 
flexes, taxes, fixed action patterns, innate aversions, and preferences. 
These responses are closely connected to environmental stimuli. If 
an object approaches the eyes of a man or animal, they respond 
with a defensive reaction, with a reflex, and there is no need to 
consult referential mechanisms. In the same way releasers and key 
stimuli directly activate various inherited behavior patterns of the 
lower animals. There is a tendency in evolution for the generalization 
of responses. That is, components not directly connected with the 
primary stimulus-response unit may contribute to the activation of a 
response. Fixed-action patterns can be elicited or inhibited by condi- 
tioning. Males of the jungle fowl cannot be conditioned to perform 
their courtship display for food rewards, but they readily perform the 
required patterns when given access to a female as a reinforcement 
(Kruijt 1964). This is a mental transformation; the features of the 
female can be substituted temporarily by the features of the closed 
door of the conditioning apparatus. The mental rigidity of this species 
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is shown by the males’ inability to associate the courtship dance with 
a food reward; in other words, they are unable to perform this mental 
transformation. 

During evolution not only the possibility of neural transformations 
was created; in the phenomena of ritualization (Eibl-Eibesfeldt 1970) 
stimulus control of inherited elements of behavior genetically change 
and become controlled by a completely different group of stimuli. 
Also genetically determined is the feedback mechanism called the 
TOTE (Test-Operate-Test-Exit) unit (Miller et al. 1960), which makes 
goal-directed behavior possible for the animal. 

Inherited responses are often complemented with learned instruc- 
tions. Animals are able to store engrams of complex behavior se- 
quences in their cognitive spaces, and in appropriate conditions these 
constructions direct their behavior. Evidence was found showing the 
existence of internal representations of learned motor responses in 
both man and animals (Terzuolo and Viviani 1979). The acquisi- 
tion of skills is based on these representations. These fixed motor 
sequences may be very rigid and expressed in the form of stereotypes, 
or they may be somewhat flexible and subject to internal transfor- 
mations. These learned motor patterns have an important role in ani- 
mals’ various behaviors. It has been proved beyond doubt that some- 
times an animal’s response is much faster than would be possible if it 
used feedback mechanisms of the proprioceptor structures. That is, 
the brain gives orders in advance necessary for the next future motor 
response. When a well-known object, an apple, for example, is offered 
to a monkey or a man, upon taking it they usually do not drop it be- 
cause the muscles of the arms use the amount of force needed to keep 
an apple in hand. We might think that the brain received some infor- 
mation about the apple’s weight through the proprioceptors located 
in the arm and that this information served as a control in maintain- 
ing the right muscle tone. However, this is not the case. When the 
experimental subject received a “prepared” apple containing a hidden 
weight, e.g., a piece of lead, the arm was unable to keep the apple 
in the right balance; both the apple and the hand moved downward, 
and sometimes the apple was dropped as the unexpected weight re- 
mained uncompensated for. As the arm moved down, the appropriate 
feedback began to work, and with some delay muscles assumed their 
correct tones. Electrophysiological experiments showed that when an 
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apple is offered to monkeys, the brain gives its calculated order sev- 
eral ten milliseconds in advance, and the feedback mechanism makes 
only later corrections if necessary. 

In the case of more primitive animals these mechanisms are sim- 
pler, and responses depend on the complexity of the whole cognitive 
space. So far we have been speaking of responses, but an isolated re- 
sponse is very rare. Animals perform highly complex actions. In a 
laboratory environment an animal does not simply respond to the 
tone of a bell activated by the experimenter, but it wants to go out 
from a cage, or if hungry it wants food. That is, the animal responds 
to the stimuli through actions. The action is an organized response 
built up from units of simple responses. 

The concepts discussed so far are illustrated in figure 19. The con- 
cept component is the higher structural element of the brain’s neu- 
ral networks; a set of the three units: cue—referential mechanism— 
instruction. 

Finally, we want to emphasize that concepts are not static but dy- 
namic structures that work in parallel modes (Arbib 1972) and par- 
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ticipate in hierarchically organized decision mechanisms (Dawkins 
1974) that are able to choose among many possible responses and 
many possible subroutines (Gould and Gould 1982). The state of the 
environment may change from moment to moment, and actions are 
either successful or not; the result of actions is immediately repre- 
sented in the brain’s cognitive space and influences further events 
(figure 20). 

In summary we want to emphasize three factors: (1) The animal 
brain is a constructing machine. Its constructions are the concepts 
that contain the cue—referential mechanism—instruction constituents 
created in a replicative system. If we consider the evolution of ani- 
mals, we can recognize that the animal brain’s constructing ability 
is increasingly sophisticated as we move higher on the evolution- 
ary tree. Even the most primitive nervous systems are capable of 
recognition, which is basically a replicative structure-constructing 
activity. As the action repertoire of the animal extends, besides repli- 
cation, mechanisms of recombination (i.e., transformation) appear. 
The low fidelity and probabilistic nature of replication make possi- 
ble the creation of new concepts, “hypotheses.” In encounters with 
its environment the animal’s concepts become either strengthened or 
extinguished in a differential replication process, which is the basis 
of neural evolution. It is characteristic of this evolutionary process 


Neural evolution 139 


that the supersystem of concepts constitutes a systemic unity (the 
personality) that has new holistic properties. 

(2) The replicative constructing activity discussed above is sub- 
jected to selective forces connected with adaptation. Concepts are 
representations (replicas) of parts of the environment, and the dy- 
namic organizations of concepts are models of the environment that 
provide predictions promoting the animal’s survival and reproduc- 
tion. 

(3) The animal brain’s model-constructing ability is regarded as 
consciousness. It seems well established that animal awareness forms 
a wide continuum, and its levels in the various species depend on 
their states of evolutionary development. Man as the most developed 
animal has broadened this continuum with his special properties, 
which will be discussed later. 


The adaptive value as the basis of behavioral selection 


What does influence the selection of individual concepts? Obviously, 
this is a fundamental question for our theory of behavior. Previous 
learning theories have been built on the concept of reinforcement. It 
has been postulated that different elements of behavior develop more 
or less spontaneously, and their repeated appearance can be induced 
by reinforcement, either punishment or reward. In recent years a 
number of learning phenomena have become known that could not be 
interpreted by the simple mechanism of reinforcement. (For details, 
see an Outstanding analysis by Staddon and Simmelhag 1971.) 

Here again two levels of behavioral selection should be considered. 
In the long run selection at the genetic level evaluates the “adaptive 
value” of a given phenotype. Study of the adaptive value of various 
behavior patterns that are considered to be inherited is the most im- 
portant task of ethology (Lorenz 1965). Obviously, the behavioral 
patterns manifested in the execution of concepts serve to increase the 
survival of a given individual. From this it also follows that neural 
mechanisms performing the ontogenetic selection of concepts must, 
after testing the individual concepts, assess their adaptive values and 
inhibit or decrease the multiplication of those without merit. The 
same mechanism has to decide the sequence of use of behavioral pat- 
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terns that have already proved to have adaptive value. This selective 
apparatus is connected with various drive and motivational mecha- 
nisms and must be genetically determined. Replicative and competi- 
tive selection also can be interpreted on the level of behavior. All 
concepts harmful to the animal’s survival or reproduction are elimi- 
nated. Those remaining will be subjected to competitive selection 
which eliminates concepts that are inadequate in competition with 
conspecifics. Competitive selection is stabilizing, while replicative se- 
lection is creative in nature. 


Parametric and replicative information in neural autogenesis 


Based on the definitions introduced with the autogenetic model, the 
parametric and functional information content in neural evolution- 
ary systems can be examined as well. The proportion of parametric 
and functional information in animals obviously depends on how pre- 
cise the replication of concepts can be in the nervous system of a given 
species. Information content in a species capable only of nonidentical 
replication consists mainly of parametric information, which poorly 
reflects the animal’s individual history. The more accurate the rep- 
lication, the greater is the increase in the proportion of functional 
information as well as replicative information during the animal’s life- 
time. The higher the proportion of functional information, the more 
accurately the behavior of the animal reflects individual experience. 
The higher the fidelity of replication, the better the memory preserves 
past events. An estimation of this proportion, however, will require 
further experiments. 

The next question is whether animal species have reached an evo- 
lutionary level in their neural systems that enables them to secure 
identical replication. The answer is a definite no. The succession of 
Piaget’s developmental phases of behavior (which will be dealt with 
in detail in the next section) also was studied during the ontogene- 
sis of apes and lower monkeys. It was stated that the six intellectual 
phases observed in man also develop in apes. Especially in goril- 
las and chimpanzees, the primary, secondary, and tertiary circular 
reactions successively appear. However, in the case of lower mon- 
keys the repetitive movements corresponding to circular reactions are 
missing. Their development reaches only the second of Piaget’s phases 
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(Chevalier-Skolnikoff 1976). In accordance with this observation the 
apes, or at least gorillas and chimpanzees, have the capability of using 
signs (Gardner and Gardner 1969, Premack 1971, Lieberman 1972, 
Patterson 1978). Consequently, these animals have certainly reached 
the capacity for quasi-identical replication of concepts, but probably 
they are incapable of true language use (Sebeok and Umiker-Sebeok 
1980), which is necessary for the identical replication of concepts (as 
we will discuss later in the case of humans). With further extrapo- 
lation it seems very probable that in the course of their ontogenesis 
lower animals can reach only the developmental level of nonidentical 
replication. Their concepts are less differentiated, inaccurately repli- 
cated, and fade with time. Dogs and perhaps dolphins are possible 
exceptions as their abilities in certain respects equal those of apes 
(Premack 1972). Still, further experiments are needed to prove this 
hypothesis. 

Animals, being in the nonidentical phase of replication of con- 
cepts, obviously do not display any phenomena of convergence. These 
species are mentally “perennially youthful,” their modest perfor- 
mance stable and independent of age. The further a species has ad- 
vanced in the accuracy of replication of concepts, the greater the 
difference should be between the level of intelligence of young and 
adult, naturally disregarding differences that come from physiological 
maturation and aging. Verification of this prediction requires experi- 
ments based on a new approach. 


Sensitive periods 


The ontogenesis of animal behavior is characterized by the appear- 
ance of different sensitive periods (Eibl-Eibesfeldt 1970). So far neither 
psychology nor ethology has been able to provide an explanation for 
this phenomenon. However, the existence of sensitive periods can 
be explained without any further assumptions on the basis of the 
replicative memory model. 

The concepts developed in an early phase of neural evolution, 1.e., 
at the beginning of the ontogenesis of the individual, obviously have 
more favorable conditions in which to replicate than those develop- 
ing in later phases. Consequently, early concepts will influence the 
behavior of the animal or man more profoundly than later ones. This 
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presumption is in complete accord with everyday experience. After 
early phases of life the brain’s cognitive space is densely populated 
with various concept structures, and thus the multiplication of a 
newly arising concept depends not only on factors directly influenc- 
ing it (such as drive, reinforcement, etc.) but also on the established 
state of concept ecology. 


Phases of autogenesis of the human brain 


Various data suggest that in the course of ontogenesis the human 
brain goes through phases of neural autogenesis; the phases of non- 
identical replication and identical replication and the phenomena of 
each phase (functional differentiation, rise of supercycles, compart- 
mentalization, convergence) also can be observed. The human brain, 
which consequently represents a zero-system capable of neural evo- 
lution, develops in the course of embryogenesis. The first phase of 
concept development is one of nonidentical replication. The develop- 
ing brain can be considered a cognitive space, similar to the animal 
brain, in which the physical components corresponding to concepts 
are continuously synthesized. In this synthesis a decisive and guid- 
ing role is played by various motivational mechanisms and external 
stimuli that at a very early stage already have a positive effect on 
certain types of concepts. The first concepts connected with space, 
time, motion, and objects develop, and these are considered system 
precursors of neural autogenesis. 

There are several reasons to believe that the formation of concept 
structures follows certain genetically determined internal rules that 
have developed in the course of the evolution of the species. Linguistic 
universals proposed by Chomsky (1968) could be such “constructing 
rules.” Preferences or aversions in our thinking manifest themselves 
especially in social relations. An inherited control system for the de- 
velopment of concepts responsible for these social attitudes might 
be recognized in the ethnological universals of Lévi-Strauss (1963). 
There are neuronal networks in lower animals that perform specific, 
inherited motor patterns (Willows 1967, Sturmwasser, 1973). Analo- 
gously, it seems very likely that inherited concepts exist a priori inde- 
pendent of direct experience; these concepts have particularly great 
adaptive value and are produced by patterns built into the genome 
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in the course of human evolution (Lorenz 1975). The concept of cau- 
sality fits into this description (Stent 1975). These concepts, either 
innate or forming very early in life, especially those connected with 
the “self,” begin the replicative cycles that, with further extension, 
will develop into the concept network of mature thinking. In the 
early phase of neural autogenesis, concepts develop in relative inde- 
pendence of one another. However, they soon begin to influence the 
probability of one another’s genesis. 


The phase of nonidentical replication 
of neural autogenesis 


It might be possible to get an insight into the phase of the develop- 
ment of concepts by studying the intellectual development of chil- 
dren (Piaget 1952). Piaget differentiates between six developmental 
phases: the first stage is characterized by the use of reflexes; in the 
second there appear primary circular reactions consisting of “self- 
directed” repetitive motions; the third and fourth stages are char- 
acterized by secondary circular reactions consisting of movements 
directed toward objects; the fifth is the stage of tertiary reactions in 
which the child consciously explores objects for new and unknown 
features; in the sixth stage mental combinations appear as well as 
the modeling ability of the brain. The very basis of Piaget’s classifi- 
cation, circular reaction, supports our model remarkably well, as the 
repetitive motion sequences can be regarded unambiguously as motor 
manifestations of the development of concepts. Most probably they 
also can be considered system precursors. 

At first the circular reactions are vague, the repetitions are inaccu- 
rate, and the development of concepts is clearly going through the 
phase of nonidentical replication. By going through each individual 
stage, the accuracy of replication rapidly increases. Differentiation 
can be distinctly observed as well. Piaget’s second and third phases 
differ in the individual’s ability to differentiate between the “self” 
and the external world; i.e., concepts related to the “self” and to ob- 
jects become gradually separated. The fifth stage is characterized by 
differentiation of secondary and tertiary circular reactions. Accord- 
ing to Piaget, differentiation of secondary circular reactions is “en- 
forced” by the environment, while differentation of tertiary reactions 
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is initiated by the “self.” The sixth state is characterized by mental 
combinative ability that requires a high degree of replicative accu- 
racy in producing concepts; and increasing differentiation indicates 
the cooperation of concepts, that is, the emergence of supercycles. 
Each mental model represents a supercycle, and the individual con- 
cepts as members of supercycles compose a lasting coreplicating unit 
through functional connections having developed during the process 
of comprehension. In later phases of intellectual development there 
are many more examples of these phenomena (Piaget 1960). In every 
developmental phase the external stimuli characteristically play an 
initiative-“inducing” role in the production of concepts. 


The phase of identical replication 
in the neural autogenesis of humans 


In humans the phase of identical replication of concepts develops in 
connection with the use of language. With the aid of language, the 
very accurate replication of complex concept structures and their 
storage for as long as a lifetime become possible through adequate 
memory mechanisms. From data obtained by direct stimulation of 
the brain it appears that, although conceptual thinking and linguis- 
tic formulation are entirely separate processes (Penfield and Roberts 
1966, Sperry 1976), intuitively it is easy to comprehend that the two 
systems are in constant interaction. The grammatical boundaries of 
language, to a certain extent, limit the structure of concepts, giving 
higher adaptive value to linguistically expressible concepts. On the 
other hand, the evolution of concepts during an individual life will 
fill the linguistic “behavior” with a more and more accurate con- 
tent (i.e., sense). In the early phase of language development in the 
child (Brown 1973), the phase of nonidentical replication of concepts 
can be easily recognized. The double system of conceptual thinking 
—linguistic expression—appears in the phase of quasi-identical rep- 
lication. 

It is well known that children’s acquisition of a first language is 
fast and easy, while learning a second language is usually slow and 
probably occurs by a different learning mechanism. 

This phenomenon can be interpreted within the autogenetic model. 
In learning a first language the main organizational role is played by 
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the simple replicative cycles connected to the “self,” that is, the struc- 
tures corresponding to Piaget’s second phase. The child immersed 
in the linguistic environment of adults acquires language structures, 
which are incorporated into its primitive concept-replication cycles, 
thus extending them. In other words, the child operates the environ- 
ment by its use of language; something or somebody is carried to or 
removed from the self (the child) by the use of language structures. 
This mechanism draws the boundary conditions for the linguistic pat- 
terns that children are able to acquire. Further language learning ex- 
tends replicative cycles of concepts with the third and further Piaget 
phases. Following the rapid acquisition of a first language, the brain 
contains a complex linguistic “concept ecosystem.” The structure of 
a second language can join to the replicative cycles only through the 
existing and identically replicating linguistic construction, which in- 
hibits and slows down learning of a second language. However, we 
may assume that there is an optimal learning process that could join 
the structures of a second language to the replicative cycles very 
quickly. 

At present it is difficult to assess the accuracy of the replication 
of concepts, but it seems probable that it does not even approximate 
that of molecular systems. The various means developed by man— 
formal logic, mathematics, scientific methodology, etc.—all serve to 
increase the relative accuracy of concepts. The phenomenon of com- 
partmentalization also can be recognized in human thinking. For ex- 
ample, in the course of personality development, separate domains 
may arise, the concept components of which are harmonized first of 
all within each domain. The quasi-identical replication of concepts 
leads to convergence. This feature of the autogenetic system implies 
that the replicative information converges toward a maximal value, 
and when this value is reached all parts of the system behave in co- 
ordination as a new replicative unit. 

The next example is only a roughly outlined illustration of this phe- 
nomenon in human thinking. A relatively long period in the child’s 
intellectual development is characterized by its tolerance of logical 
contradictions. The very essence of development is the gradual elimi- 
nation of these early contradictions—the formation of some kind 
of worldview (Piaget 1954). In this process the different concepts 
become coordinated. Formally, this phenomenon is very similar to 
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ecological succession. The coordinated concepts coreplicate, forming 
increasingly larger replicative units. A brain well advanced in conver- 
gence does not accept new ideas without criticism, and it rarely forms 
completely novel views if the new concepts cannot be integrated into 
the “ecological network” of its existing concept population. Adult, 
“mature” individuals can reach a very high degree of convergence 
where their capacity to absorb new knowledge is reduced. Their old 
habits, views, principles, or emotions can hardly be changed. A con- 
cept network has developed that is coordinated in all functional re- 
spects and behaves almost as an independent replicative unit. The 
assimilation of new concepts is only temporary and either of low 
efficiency or not at all possible. 

The organic concept of memory was developed in the 1970s by 
the psychological school of Geneva, based mainly on experiments 
in which a subsequent “improvement” of children’s memory could 
be demonstrated (Piaget and Inhelder 1973). According to Piaget, 
memory is capable of structural reorganization and is not simply “en- 
graved” but is formed in close interaction with the developing intel- 
lect, undergoing a kind of ontogenetic, “organismic” developmental 
process. The experiments, as well as their explanations, were re- 
ceived with a certain skepticism (Liben 1976), mostly because their 
theoretical basis was unclear. The replicative memory model provides 
full explanation of these phenomena. 


Parametric and replicative information 
in the autogenesis of the human brain 


The parametric information content of the brain is practically 100 
percent when concepts generated in the brain do not influence one 
another’s probability of genesis. This is very likely the case at the end 
of embryonic development, immediately before birth. The parametric 
information consists of concepts developing as a result of primitive, 
environmental, stimulus-response connections, under the primary in- 
fluence of species-specific inherited factors. The interaction of con- 
cepts appears very early in the growing child’s brain. This is quite 
obvious in the development of secondary and tertiary reactions. Com- 
plex feedback relations develop between individual concept struc- 
tures, and from this time on the brain’s functional information con- 
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tent is continually growing. It is obvious that a great proportion of 
the information content of concepts in the adult brain is functional 
information, mainly technical, mathematical, etc., knowledge. 

The duality of functional information predominates as well. In ad- 
dition to the easily traceable special functions, the replicative func- 
tion and, simultaneously, replicative information appear, enabling 
continuous replication of those components in which it is embodied 
within the given system. 

In the course of convergence of the neural autogenetic system, 
replicative information is becoming organized in a hierarchical sys- 
tem in which concepts concerning the “self” occupy the highest re- 
gions. Replicative information grows constantly in the course of onto- 
genesis, reaching its maximal level through convergence when the 
whole system as a replicative unit is renewed in a coordinated, con- 
tinuous, and unchanged manner. 


7 Cultural Evolution 


The idea of evolution at levels higher than those of biological organi- 
zation was developed long ago in the social sciences. The first detailed 
theory of cultural evolution was drawn up by Spencer (1889), who 
recognized the continuation of biological evolution in “superorganic” 
organization. 

Today “cultural evolution” is an accepted term of cultural anthro- 
pology (Alland 1973), although there is no generally accepted defi- 
nition of culture. Chapple (1970) defined culture as “the totality 
of learned environment within which a particular group of human 
beings adapt.” Generally, culture is considered to have three con- 
stituents: social, material, and mental (Osgood 1959). Social culture 
comprises the interrelationships of people; material culture is con- 
cerned with the production and use of artifacts; while mental culture 
involves those ideas not manifested in the other two. Developmental 
processes are always determined by both genetic and environmen- 
tal factors. In the study of cultural evolution a strong structuralistic 
attitude prevails. There is an attempt to define the smallest cultural 
“units” that make up more complex phenomena. According to Taylor 
(1969), this is the concept of the “cultural trait,” which is a socially 
accepted custom or activity that can be interpreted by itself without 
its environment. From these smaller units various cultural actions 
and complexes are formed in which the building blocks—i.e., cultural 
traits—are organically interconnected. Any kind of cultural struc- 
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ture, artifact, social connection, or idea can be traced back to the 
material factors of the individual nervous systems. 

We will not discuss here those cultural theories that regard the 
emergence of culture as entirely independent of biological systems on 
the assumption that culture is a self-contained, independent system 
that cannot and must not be seen as a continuation of biological 
evolution. Other hypotheses, which are based on the assumption of a 
close and fundamental relationship between biological and cultural 
evolution, will be presented. 


Animal cultures 


There are many well-known observations of animals sharing behav- 
ior patterns through imitation (Bonner 1980). Some authors consider 
these phenomena to be animal culture. Very rarely can learning by 
imitation be observed even in insects—for instance, the dance lan- 
guage of bees. After returning to the hive bee scouts perform a well- 
defined moving pattern, the “dance,” that in turn is imitated by some 
other bees; later the imitators themselves fly away to find the food 
source’s location (Frisch 1967). 

Hinde and Fischer (1952) have observed that titmice can learn from 
each other how to open the plastic caps of milk bottles left in front 
of houses. It also was noted that this new habit spread in concen- 
tric waves from its place of invention. In birds as well the “cultural 
inheritance” of certain song patterns can be demonstrated. A special 
pattern may outlast by generations the individual that first produced 
it (Jenkins 1977). In higher animals, especially in monkeys, similar 
phenomena have been found—first of all the cultural spreading of 
different “technical skills” (Kawamura 1963, Kawai 1965). 

These kinds of behavior are called “traditions” in ethology. In order 
to accept behaviors as traditions, their spreading by imitative learn- 
ing, their transfer between generations, and their variability within 
populations of the respective species must be demonstrated. 

Mundinger (1980) has collected more than forty cases of animal 
traditions, a small fraction of those which actually may exist. How- 
ever, he does not consider every tradition to be an expression of ani- 
mal culture. His definition of culture is as follows: “culture is a set of 
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populations that are replicated generation after generation by learning 
—an overt population of functionally related, shared, imitable pat- 
terns of behavior (and any material products produced) and, simul- 
taneously, a covert population of acquired neural codes for those 
behaviors.” This definition can be applied to human culture as well; 
it also is very close to our earlier, independent concept of culture 
(Csanyi 1978), and it can be applied to some forms of animal tradi- 
tions. In song learning by the house finch, for example, song patterns 
are transmitted from generation to generation by vocal imitation, and 
individual phrases form a functionally organized system. This orga- 
nization is population-specific; in other words, there is a population 
of behavior units that fulfills the Mundinger criteria. It also has been 
shown that directly unobservable populations of neural codes exist 
in the brains of finches in the form of memory traces (Nottebohm 
1977). Song learning of finches and other birds therefore can be seen 
as culture, while other, simpler cases of animal traditions, such as the 
dance of bees, cannot. It is evident (and also emphasized by Mun- 
dinger) that there is an enormous difference between the complexity 
of human and animal cultures. This difference, however, cannot be 
considered fundamental. Among the many kinds of animal culture, 
human culture is the most complex and the most important, but it 
is by no means unique. According to Lorenz (1973), cultural evolu- 
tion is analogous with biological evolution, and it is amenable to the 
comparative evolutionary method. Cloak (1975) worked out princi- 
ples of a “cultural” ethology, at the same time calling attention to 
the replicative nature of elementary interactions. There is no basic 
difference between animal and human culture, although human cul- 
ture represents a new level of organization (as we will try to show 
below). In order to maintain this distinction, animal cultures will be 
called protocultures. 


The question of the genetic determination 
of culture: coevolution of genes and culture 


The concept of an evolutionary continuity between biological and 
cultural organization assumes that both the animal protoculture and 
the human culture result from definite genetic changes. There is (may 
be) a connection between cultural traits and the genetic architecture 
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of the given species. This statement is a special formulation of a 
comprehensive view that assumes a connection between the social 
behavior of animals and man as well as a connection between their 
genes. 

Sociobiology deals with these general questions (Hamilton 1964, 
Trivers 1971, 1985, Wilson 1975) and has provoked hostile arguments 
during the past decade (Sahlins 1976, Caplan 1978, Kings College 
Sociobiological Group 1982). Basic agreement exists concerning the 
evolution of the social behavior of animals (cooperation, group form- 
ing, etc.), and disputes mainly concern mechanisms. However, there 
is no general agreement regarding the emergence of human culture, 
and extreme views range from a culture that is genetically determined 
to a complete rejection of any biological influence on culture. 

Sociobiology has been established by the analysis of phenomena 
difficult to explain within the framework of classical Darwinian 
theory. The evolutionary explanation of the behavior of social in- 
sects, for example, caused much trouble even for Darwin. Worker 
ants and bees give up reproduction entirely “in the interest” of the 
colony. If the unit of selection is the individual, as has been supposed 
by classical theory, then such a trait must be selected against and 
cannot survive during evolution. Modern theoreticians use the term 
altruistic for behavior in which an individual uses energy or risks 
danger and consequently reduces its own reproductive success while 
increasing that of a conspecific or a group of conspecifics. Alarm calls 
of various animals, for example, are a kind of altruistic behavior. 
Lionesses nurse all cubs belonging to the pride without distinction, 
and male macaques form coalitions, the members of which readily 
help one another in cases of danger. “Helpers” can be found in many 
species. They usually are young animals adopting their siblings or 
helping their parents to raise the next brood. The evolution of altru- 
ism was first satisfactorily explained by Hamilton (1964), using the 
concept of inclusive fitness. Several predictions of the theory were 
verified, especially in social insects (Trivers and Hare 1976). In addi- 
tion to the concept of inclusive fitness, group selection was used as 
a principle for explaining the evolution of altruism (Wynne-Edwards 
1971). According to the group selectionist theory, kinship is not a 
precondition for the emergence of altruistic behavior and can satis- 
factorily be explained by selection acting among groups. In reality the 
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theories of inclusive fitness and group selection overlap and cannot be 
clearly distinguished. The pure form of group selection, in which kin- 
ship relations are ignored, is called “inter-demic selection” (deme is a 
reproductively more or less closed unit of the population), while the 
theory considering inclusive fitness connected with kinship is called 
“kin selection” (Maynard-Smith 1964, Williams 1966, Wilson 1973). 
The concept of inter-demic selection has often been attacked, and 
in reality it has proved difficult to find conditions fulfilling the rigid 
criteria that follow from the theory. Interestingly, the most convinc- 
ing proofs were found in the case of man, where in the early stage 
of evolution the existence of small, closed groups and their compe- 
tition and selective extinction can be regarded as the main forces of 
evolution (Alexander 1974, Alexander and Borgia 1978). 

The theory of reciprocal altruism is connected again with indi- 
vidual selection (Trivers 1971). It explains the evolution of altruistic 
behavior by reciprocity among unrelated individuals that leads to 
the increased fitness of both participants. The concept of reciprocal 
altruism was first raised by Kropotkin (1902) and was revived by new 
theoretical considerations (Brown et al. 1982, Aoki 1983). 

A scientifically sound area of the sociobiology debate concerns the 
level of selection (whether it is the individual or the group) and the 
origin of altruism. Genetic adaptation was taken for granted by many 
sociobiologists, and they tended to explain the existence of social 
traits by an “adaptationist story.” Lewontin’s (1979) sharp criticism 
showed the fallacies of this explanation. It cannot be supposed that 
all traits result from genetic adaptation. The debates were especially 
hot in the case of man, whose phenotypical units are rather difficult to 
define and on whom genetic experiments cannot be performed. In ad- 
dition, several theoreticians who deny any role for biological factors 
in man’s behavior directed the debate toward unscientific extremes. 

In our opinion, most problems in sociobiology are caused by its pro- 
ponents’ ignorance about organizational levels; they disregard higher- 
level organization and attempt to explain phenomena by means of 
the dynamics of the lower hierarchical levels. As we have discussed, 
this kind of reductionism, while it can lead to the discovery of causal 
connections, is unsuitable for creating explanatory models. 

The emergence of the coevolutionary theory is a way out from the 
crisis of sociobiology. Durham (1978) argues that we need not sup- 
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pose a direct connection between cultural phenotypes and genes in 
the sense of a gene contributing to the formation of a given mor- 
phological phenotype. It is enough to assume that the emergence of 
cultural traits has been the consequence of the evolution of genes 
responsible for the capacity of culture. This means that culture is 
adaptive independently of its particular forms, and genetic selection 
is required only to ensure the evolution of physiological mechanisms, 
such as well-developed learning ability, large memory, social attrac- 
tion, sophisticated communication, ability to imitate, etc., necessary 
to acquire culture. If these mechanisms exist, then some kind of cul- 
ture will develop that will be an adaptive, organization-enhancing, 
reproductive success. This idea also would account for the great vari- 
ability of cultures. The emerged culture, in turn, influences the group 
structure and reproductive mechanisms and feeds back to the genes; 
that is, a coevolutionary process begins. In this coevolutionary pro- 
cess, natural selection is replaced by cultural selection; that is, indi- 
viduals best adapted to the cultural environment will have the great- 
est reproductive success. 

A detailed treatment of the coevolutionary theory was published 
by one of sociobiology’s founders and his colleague (Lumsden and 
Wilson 1981). They consider culture to be the totality of artifacts, 
behavior patterns, institutions, and mental constructions acquired by 
members of the society through learning. Phenotypic units of cul- 
ture are named culturgens. According to the authors, a culturgen is 
not a genetic but a cultural concept, which basically corresponds to 
the cultural trait used by anthropologists or the memes of Dawkins 
mentioned earlier. (This is a rather uncertain definition because the 
cultural trait is a behavioral phenotype; the meme is a neural. Mun- 
dinger’s definition including both “populations” seems more appro- 
priate. ) 

In certain cases of ceremony or sexual custom—for example, the 
incest taboo—culturgens are discrete units and few in number. In 
other cases there are many culturgens, and the differences among 
them may be continuous—for example, the categories of color per- 
ception cited by Lumsden and Wilson. At any rate, the culturgen’s 
most important property is its perceptible or conceivable unit char- 
acter. 

A further assumption of this culture model is that members of a cul- 
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Figure 21 Formation of a cultural trait under influences of the environment and the 


genes. 


ture acquire culturgens through epigenetic rules during socialization. 
The epigenetic rule is an old genetic concept that covers processes 
controlling the development of behavior and morphological traits dur- 
ing the organism’s ontogenesis. Developmental processes always are 
determined by both genetic and environmental factors. The same ge- 
netic background may lead to different phenotypes in different envi- 
ronments as a result of interactions of genetic and environmental 
factors expressed in the epigenetic rules (figure 21). 

Lumsden and Wilson argue that the probability of acquiring a given 
culturgen is determined by the epigenetic rules connected with be- 
havior. Since culturgens are influenced by both environmental and 
genetic factors and their ratio may change, cultures determined solely 
by genetic or environmental factors are theoretically possible. How- 
ever, it is more likely that genetic and environmental factors co- 
evolve, and both contribute to the formation of culture. Epigenetic 
rules that are the most successful in a given culture, i.e., which 
control the socialization of individuals of the highest reproductive 
success, will predominate in the population. In this way a positive 
feedback mechanism emerges; in other words, genes influence the 
features of acquirable culturgens and vice versa. Thus both the ge- 
netic and cultural components of epigenetic rules are selected in each 
generation. 

Interactions of cultural and genetic factors were formalized in vari- 
ous mathematical models by Wilson and Lumsden. Their most inter- 
esting results estimate the evolution rates of culturgens and the epige- 
netic rules (genes) behind them. It was calculated that relatively few 
generations (about fifty) allow the most successful epigenetic rules 
to spread through the entire human population. A firm establishment 
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of this estimate would suggest the possibility of considerable genetic 
evolution in such a short time (e.g., the period of mankind’s written 
history). Moreover, Lumsden and Wilson suppose that such a quick 
genetic change was actually a precondition for the development of 
modern cultures. 

The above theory is based on several extremely strong assumptions, 
but it has the advantage of being falsifiable by appropriate means. To 
examine the validity of this theory, appropriate methods of recogniz- 
ing and measuring epigenetic rules have to be worked out; also the 
connection between reproductive success and the variability of epi- 
genetic rules must be established. Demonstrating a complete or even 
a partial genetic determination of culture would considerably change 
our present view of societal evolution’s mechanisms. Verification or 
rejection of the theory is desirable, even if the existence of a strictly 
genetically determined culture seems unlikely. 


Cultural complexes as second-order 
organisms or sociocultural machines 


A very promising line of investigation of cultural evolution has been 
developed by Cavalli-Sforza and Feldman (1978, 1981) through the 
application of quantitative mathematical models used in classical ge- 
netics. In their opinion, the same basic phenomena of biological 
evolution can be found in cultural evolution. An innovation in cul- 
ture, for example, corresponds to a mutation in genetics, and they 
regard it as a failure in copying or imitation. Selection may be stabi- 
lizing or neutral. The former can be illustrated by the developmental 
process that results in an optimal technique, and the latter is involved, 
for example, in the Catholic dogma of the Virgin Mary’s Assumption. 
Developing a good technique can provide a considerable advantage, 
while belief in a particular dogma is neutral. Belief in a dogma belongs 
to the ideological framework of the church, and its spread depends on 
the church’s influence; its acquisition in itself does not offer the indi- 
vidual any selective advantage. Random genetic drift is well known in 
population genetics; its equivalent in cultural evolution leads to the 
acquisition of rare techniques or beliefs by small, closed populations. 
Transmission analogous with the transfer of genetic material (DNA) 
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in biology also can be found in culture in the form of copying and 
learning various cultural traits. Of course, while the analogies are 
obvious, the mechanisms may be entirely different. 

In the case of transmission, ten modes are distinguished by Cavalli- 
Sforza and Feldman. There is cultural transmission from parent to 
child. For some traits the transmission may be uniparental (mode 1), 
while generally it is biparental (2). Other adult members of the popu- 
lation (3) contribute to the child’s upbringing (servants and relatives 
in the parental generation). Remote generations contribute through 
written or oral tradition (4); this contribution will be made mostly 
by grandparents. Peers are sources of information (5), and another 
transmission mode is represented by the teacher-pupil relationship 
(6). There are two modes of political transmission. In small commu- 
nities decisions are made, and the spread of information is directed by 
one or a few people (7). In a bigger political organization there is a 
social hierarchy characterized by the consensus of larger groups—for 
example, political parties—providing an efficient way of spreading 
information (8). An obvious mode of cultural transmission is real- 
ized through the mass media (9). Finally, all societies are organized 
in relatively isolated groups, which partially overlap or communi- 
cate. Between some groups, however, communication may be mini- 
mal, creating opportunities for independent cultural evolution (10). 
Quantitative models were applied experientally in analyzing various 
cultural traits such as beliefs, customs, and activities. It was found, 
for example, that religious or political beliefs are mostly transmitted 
within the family (Cavalli-Sforza et al. 1982). 

A similar concept of the evolution of ideas (called abstract evolu- 
tion) was worked out by Lynch (1983). He examined the relation- 
ship of ideas and their “host,” identifying conditions in which either 
the idea-carrier hosts are propagating faster or the transmission of 
ideas is especially favorable. He made a penetrating analysis of the 
two-hundred-year history of the Amish, a closed religious commu- 
nity in the United States. (See an excellent monograph on the Amish 
by Hostetler, 1980.) The Amish community is absolutely closed. It 
originates from German immigrants exiled from Europe because of 
their religious beliefs. Their reproduction rate is very high because of 
various religious taboos. They do not use modern machinery such as 
telephones, radios, or cars, and one of their main convictions is that 
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the Amish community must be isolated from its non-Amish neigh- 
bors. As a consequence, the Amish ideology remains intact since 
all reformers are excommunicated as heretics. Despite a loss rate of 
about 20 percent per generation to the attractions of contemporary 
American society, the Amish population (the carrier of Amish ideas) 
is increasing. 

All abstract models of cultural evolution are based on the assump- 
tion that various cultural complexes are individual entities possessing 
a kind of stable organization, and their interactions can be compared 
to biological evolution. Cavalli-Sforza and Feldman (1981) have gone 
so far as to regard cultural complexes as second-order organisms. We 
find this concept very important with respect to our own model. 
Therefore, we want to make some further comments. 

Mumford (1967) was perhaps the first proponent of the concept of 
living “machines,” which are assemblies of human individuals created 
by appropriate training and discipline. These machines can produce 
various artifacts, or they may serve military, religious, or other pur- 
poses. The “machine” is principally a programmable device, a team 
of experts that can perform tasks according to plan, should it be pro- 
duction of something or an action of some purpose. A similar concept 
was developed by Ellul (1965), who considered a “technical com- 
plex” as a functional unity in which a set of inventions had been 
combined and which showed the properties of self-maintenance and 
self-development. Finally, Polanyi (1968), who formulated a general 
definition of machines, must be quoted again. He considered a ma- 
chine to be every kind of organization in which constraints of a higher 
level were built on the dynamics of the components of lower levels. 
In this regard there is no difference between mechanical machines 
constructed by man and biological organisms. We may add to this 
that the above definition also is valid for cultural machines. 

In what follows we regard as a cultural machine every cultural or 
technical complex that has a material or mental product. If the prod- 
uct of the machine is itself, as was found in the case of organisms by 
Maturana and Varela (1980), then the machine is autopoietic; if the 
product is something else, it is allopoietic. For example, a cultural 
machine is a traditional university or school in which idea carriers 
are produced in a controlled and planned teaching process and the 
most standardized products are favored. Factories also are cultural 
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machines, their managers and workers able to operate particular tech- 
nologies and to produce given artifacts. Cultural machines are char- 
acterized as operating by idea schemes, working on preassigned tasks. 
Their “parts,” humans, can be replaced—at least gradually. A new 
“part” can operate properly only after acquiring the idea network 
that characterizes the given machine. In cultural machines called in- 
stitutions, processes of discipline can be found that provide stability 
for the idea network. 

In a society individuals are always faced with cultural machines. 
Employees of an institution are more or less passive carriers of the 
machine’s idea network. Cultural machines are analogous to living or- 
ganisms in many respects, but they also can be considered supercycles 
within our autogenetic model, which give structure and organiza- 
tion and which are self-maintaining. They are replicative component 
systems that attain reproduction and self-maintenance by replicating 
their own components. The origin of cultural machines can be easily 
described by autogenesis. 


The autogenetic model of cultural evolution 


The autogenetic model makes it possible to examine the whole human 
culture as a single system. It provides an explanation for culture’s ori- 
gin, organizational levels, and future direction. Human culture has 
all the necessary characteristics for it to be regarded as a component 
system. Its components are complex structures, as there are several 
organizational levels below culture. Its components belong to three 
classes: 

(1) Living organisms. These include all biological organisms that 
contribute to social interactions in a human society. More precisely, 
it means humans and organisms that supply food, raw materials, 
microorganisms, parasites, etc. Organisms that do not belong to cul- 
ture—for example, plants producing oxygen—are not components of 
the cultural system but belong to the conditions of culture, being an 
essential part of its environment. 

(2) Artifacts. All formed, processed objects that were changed by 
human intervention are regarded as artifacts. There is some difficulty 
in classifying artifacts and natural objects. A mountain and a pebble 
are natural objects in their original locations, but a pebble carried to 
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a museum and exhibited there is regarded as an artifact, although its 
alteration resulting from human intervention is small. Ores also are 
regarded as natural objects in their natural location, but after mining 
they become artifacts. 

(3) Ideas. Mental representations. Those smallest, intelligently de- 
finable actions or thoughts, determined by physical factors of the 
nervous system, which can be communicated, copied, or formed as 
artifacts, or performed as social acts, are called ideas. The creation 
of complex social acts or thoughts or artifacts occurs by contribution 
from an idea population. (The concepts of neural autogenesis are sub- 
units of ideas. On the level of cultural evolution the interaction of 
several concepts forms an idea. In contrast with an idea, a concept 
is not necessarily communicable or performed.) Ideas belong to three 
categories: 

(a) Social ideas. Man lives and operates within a network of com- 
plex social interrelationships. Social behavior is molded by sociali- 
zation, imitation, learning, and discipline. In the brain of each in- 
dividual a characteristic idea population is formed, which regulates 
its social actions. Ideas determine not only personal relationships, 
social institutions, and attitudes toward these institutions but various 
value orientations as well. In a closed group the social structure is 
formed from idea populations possessed by the brains of that group’s 
members. Therefore, the determination of social structure is popu- 
lational and stochastic in character. The individual as a carrier of a 
part of the idea population that determines the social structure is a 
creator of this very structure, which exists as a reality and represents 
his environment in the same sense as was formulated by Berger and 
Luckmann (1967) in their theory of reality as a social construction. 

(b) Material ideas. This category contains ideas that are revealed by 
creation of an artifact. Even the simplest objects of everyday life (e.g., 
a spoon) represent ideas. These ideas are expressed in the function, 
value, and mode of production of each artifact. It should be noted that 
during the creation of an artifact, the object itself becomes a carrier 
of structural information. The idea population of the maker’s brain 
is represented in the artifact and can be considered the structural in- 
formation of the object. This information transfer is not a one-way 
process; i.e., the information located in the object can occasionally 
be transferred back to the human brain. Hence, human brains and 
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artifacts appear as two continuously communicating compartments 
of the idea domain. These interrelationships can be observed readily 
during various social rites in which the presence of artifacts contrib- 
utes to the formation of the proper social behavior. The objects used 
in such rites help the participants to remember, perform, and trans- 
mit the special sequences of the given behavior. Images and artifacts 
exchange information and develop interwoven functions. Interactions 
of artifacts with members of other idea classes create symbols, rep- 
resenting pure ideas, which function independently of the particular 
objects carrying them. 

(c) Mental ideas. Here belong the ideas that are represented neither 
in artifacts nor in social relations, which makes this category rather 
arbitrary. For example, a mental idea might be the concept of future, 
infinity, history, mathematical conceptions, etc. Mental ideas, repli- 
cated by spoken language, may spread and propagate very quickly. 
The mental idea of a good joke can reach millions of people within 
days. Printing and mass communication have made idea replication 
increasingly rapid. There are strong interconnections among mental 
ideas and other ideas. For example, ideas of a tale are considered 
mental ideas, but the tale can be written or printed, and by this pro- 
cess the ideas become artifacts. Moreover, the same tale may contain 
social references; therefore, it may influence social interactions, so 
its constituent ideas may fit into the category of social ideas. 


Composition and decomposition of the 
cultural system’s components 


Cultural evolution’s components are continuously composed and de- 
composed as a consequence of the energy flowing through the sys- 
tem. (The concept of energy is used here in its physical sense.) In 
the class of living components the mode of production is replication 
because components belonging here also are components of the bio- 
sphere; thus metabolism and energetic processes still bind them to 
the biosphere. 

Cultural components are produced by the operation of the human 
brain. Concepts (the subunits of ideas) are replicative structures, and 
the ideas themselves are replicated. Imitation and other processes of 
learning also are replicative. Fidelity of idea replication may be any- 
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thing between zero and one. Ideas replicate during human activities 
in two senses. First, they replicate from person to person within the 
population, which is called horizontal transfer by Cavalli-Sforza and 
Feldman (1981). Second, ideas are transferred from one generation to 
the next. This is done by the various educational institutions orga- 
nized to provide an idea replication of high fidelity. Cavalli-Sforza 
and Feldman call this vertical transfer. Replication of ideas is ac- 
companied by “mutation,” “recombination,” and selection because 
available space among the population of human brains is limited. In 
other words, ideas are capable of evolution. (Similar characteristics 
of artifacts will be discussed in detail in the chapter on technical 
evolution.) 


Society as a complex replicative 
network: creative spaces 


Society can be regarded as a complex component system. Its com- 
ponents are cultural complexes, i.e., cultural machines: institutions, 
religions, factories, etc. The creation of components involves the 
action and contribution of other components. Creation of a complex 
object or idea requires the contribution of a fairly large set of com- 
ponents. To create a particular object, some raw material is needed; 
to get raw material, other objects are needed, etc. Therefore, we use 
a concept that appropriately reflects the complexity of the creative 
process. We call this creative space. 

The creative space is a model, an abstract space in which a rep- 
resentation of each component involved in the production of other 
components is given. So we speak of technical space, i.e., the creative 
space of artifacts, of cultural space connected with the creation of 
various political and social ideas, and of biological space that creates 
living beings. The concept of creative space helps to recognize the 
mutual interaction of cultural evolution’s components. 

It can be shown that creative spaces have replicative organization; 
i.e., information represented in the created components feeds back to 
the process of its own creation. It is a replicative type of information 
that is generally more or less distributed in the creative space. Cars, 
for example, are created in factories where the information for pro- 
duction is located on blueprints. Information transfer from blueprint 
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to artifact is seemingly a one-directional process. But if we examine 
the entire creative space of artifacts, it appears that the already pre- 
pared copies of the car influence the car-producing process and the 
blueprints in many ways. The most common process of design is copy- 
ing. The designer copies and sometimes recombines reliable parts of 
previous production cycles. Even if he invents something, it may have 
originated from the creative process of a different artifact. Again, 
obvious examples are the earliest automobiles, which resemble the 
mail coach in most of their details, because designers copied the mail 
coach. After a while design of the chassis became increasingly differ- 
ent from the mail coach as the result of a slow evolutionary process 
in which imperfection of the copying process and small inventions 
accumulated. 

The same process can be observed in the creation of various ideas. 
The shaped, written, or composed idea is often regarded as an exclu- 
sive product of the creative mind. If, however, we consider the entire 
creative Cultural space, we can identify a number of already existing 
ideas that have provided the necessary information for the creative 
mind. Ideas are copied, recombined, and only to a lesser extent in- 
vented. 

A further important characteristic of creative space is that vari- 
ous kinds of components are found together, which means that every 
component of the cultural system is capable of influencing the proba- 
bility of genesis of others. For example, artifacts influence the proba- 
bility of genesis of organisms in agriculture; the operation of mental 
ideas creates artifacts of fine art; social ideas influence the technologi- 
cal processes of industry; etc. Thus creative spaces form a functionally 
and organizationally united system. 


Precursors of the cultural system 


It has been shown that one precondition of autogenesis is the emer- 
gence of an autogenetic system precursor, which organizes the con- 
struction of special constraints on the dynamics of the organizational 
level already in existence. It also was shown that animal protocul- 
tures spontaneously and frequently appear at the level of biologi- 
cal organization. In this section we will examine the formation of 
human protocultures and put forward our assumption that these are 
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the system precursors for cultural evolution. Hominid species living 
in complex social groups, using tools, and developing communication 
that helped them satisfy their biological needs appeared at an early 
stage in human evolution. Interactions among social relationships, 
tool using, and communication (or more precisely the organization of 
these interactions) formed the system precursor of cultural evolution 
—even though these interactions in themselves cannot be regarded as 
a cultural organization. The true cultural system was created by the 
continuous extension of the ancient system precursor by autogenesis. 


The zero-system of cultural evolution and the 
biological basis of human culture 


Evolution of human culture has been built on the dynamics of orga- 
nization at the biological level. The early period of human evolution 
can be regarded as the zero-system of cultural evolution. A great 
many paleontological data recently have been collected that show 
major branching in the evolution of higher primates occurred 6 to 
7 million years ago. The common ancestors of humans and chim- 
panzees lived around that time. Common ancestors of humans and 
gorillas are about 8 to 10 million years old, while humans separated 
from orangutans 13 to 16 million years ago and from baboons about 27 
to 33 million years ago (Sibley and Ahlquist 1984). Since separating, 
a calculated difference of about | percent in nucleotide substitutions 
appeared in the genomes of humans and chimpanzees (King and Wil- 
son 1975). It is not easy to decide whether this percent is a lot or a 
little, and accordingly opinions vary. There are differences in chro- 
mosomal structure (nine inversions) between the two species (Yunis 
et al. 1980). It is well known that a precondition for chromosomal in- 
versions is close inbreeding, which indicates that evolution has been 
based on small populations since the first separation. The oldest fos- 
sils of Hominidae are 4 to 5 million years old and polyphyletic in 
character, although the expert opinion differs regarding their exact 
taxonomical identification. There is general agreement that Australo- 
pithecus afarensis probably was the common ancestor of the hominids 
and that later Australopithecine species also were bipedal, tool-using 
species hunting for large prey (Falk 1983). In the Homo line of de- 
scent, the tool-using Homo habilis is 2 million years old and already 
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had a large (600 ml) cranium. Homo erectus appeared about 1.6 mil- 
lion years ago; its cranium was about 900 ml and besides tools he also 
used fire (Gowlet et al. 1981). Homo sapiens is about 600,000 years 
old with a 1,400 ml cranium (Cronin et al. 1981). 

Revelation of the biological basis of cultural evolution can be 
expected mainly from examining characteristic differences among 
humans and other higher primates (Isaac 1978). 


The use of language 


Social animals have well-developed communication systems. (Cer- 
tainly a complex group structure cannot develop without communi- 
cation.) Units of animal communication are definite, specific patterns 
of behavior, which usually designate internal states or intentions or, 
in special cases, convey information about the environment (Wil- 
son 1975). Animal communication is analog communication and is 
closed. A behavior pattern is a communicative signal if it influences 
the behavior of the recipient animal in a way that is adaptive to the 
sender. 

Highly developed human sociability is accompanied by the devel- 
opment of a unique means of communication—human language— 
that has no parallel in animals (Hockett 1960). There are four main 
features of human language: (a) It possesses a dictionary, interpreted 
uniformly by those speaking the same language. (b) The signals of 
the dictionary are symbolic; that is, they have no connection with 
the physiological or behavioral processes related to the word’s mean- 
ing. An animal can express aggression only by simultaneously being 
aggressive, so its signals are not symbolic. (c) The dictionary’s sym- 
bolic signals can be expressed in combinations of different meanings 
by using definite rules. The number of possible combinations is theo- 
retically infinite (Glaserfeld 1976). That is, human language is open. 
Finally, a most important characteristic of man in connection with 
language is his capability of displacement (Brown 1973). (d) This term 
implies that man is able to reduce a situation perceived through his 
senses to its components—to analyze it—and in the course of analy- 
sis to create a new structure from the components. In other words, 
he is capable of a kind of linguistic-logical synthesis. With the help 
of “reconstruction,” man can displace phenomena in space and time, 
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change relationships, create linguistic models of reality, then operate 
and analyze them as well. The “capability of reconstruction” is obvi- 
ously not identical with language, but it is manifested through the 
use of language, being the most specific feature of human thinking. 
Displacement is made possible by the identical replication of con- 
cept components. The concepts evolving in the phase of nonidentical 
replication are soon deformed and merge. The separation of a single 
phenomenon of the environment and its association with another 
phenomenon, or a group of phenomena, at a much later time or in an 
entirely different environment becomes possible only through identi- 
cally reproduced memory structures. 

The most important constituent of cultural evolution is an indi- 
vidual’s ability to transfer the concept components of his own mem- 
ory (by copying it with varying fidelity) into the memory space of 
another individual through language. This copying process is repli- 
cation, that is, propagation of the concept components in a physical 
sense. As a consequence, the evolution of concepts is no longer re- 
stricted by an individual’s life span. Individuals living in a linguistic 
community join their memory space and create a replicative space 
much larger than individual ones. With this new mode of concept 
replication, an autogenetic process begins. Parallel connection of the 
modeling brains makes possible the creation of new types of environ- 
mental models. These can be called supermodels. The supermodel is 
not based on the sole experience of an individual but is the product of 
a continuously communicating group. It was found that even in the 
most primitive societies the time necessary for getting enough food 
and satisfying basic needs is no longer than twenty-five to forty hours 
per week. The remaining time is spent in various cultural activities, 
mostly talking (Lee 1969). Conversations serve to create and refine 
the supermodel of the environment within the group. The knowledge 
necessary for individual and group survival, the location of various 
resources, the way to get and use them, social structure and iden- 
tity of the group, myths and religion, all are parts of the common 
supermodel. New generations receive the supermodel, embodying the 
experiences of many generations and past events. The supermodel is 
a dynamic structure, a system in itself, which appears as social reality 
for individuals. As a consequence, the supermodel is separated from 
its carriers (individuals) and operates at a new organizational level. 
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We should paraphrase Pask’s theory of talking (1975). He essentially 
states that understanding emerges in the course of talking if a model 
develops in the brain of each partner, each of whom is capable of 
predictions similar to the other’s concerning the subject of their talk. 


Man’s attraction toward objects 


Several animals are known for their particular attraction toward cer- 
tain objects in their environment. Good examples are the nest-build- 
ing of birds and the construction of dams by beavers. Animals use 
objects not only as raw materials but as tools. Vultures or mongooses 
use stones to break up eggs (Goodall and van Lawick 1970); the sea 
otter uses stones to open shells (Houk and Geibel 1974); baboons and 
chimpanzees apply sticks, branches, and stones for more than ten 
different purposes (Goodall et al. 1973, MacGrew and Tutin 1973, 
Teleki 1974). Although the number of reports about animals using 
tools is always growing, the use of tools and the attraction to objects 
can be regarded as rare phenomena in the animal kingdom. In con- 
trast, no human culture is known, however primitive, that could not 
be characterized by the permanent use of at least a few self-made 
tools (Taylor 1969). Humans have an affection for objects; man being 
active without objects is a rare exception. Undoubtedly, this attrac- 
tion is based on genetic programs, as it can be observed in very early 
childhood. Aside from social contacts, the most important activity 
of the developing child is the examination of objects within its envi- 
ronment (Piaget 1952). According to primatologists, this characteris- 
tic is an early evolutionary inheritance of man, originating from the 
fact that his remote ancestors still lived among the branches of trees 
and developed as a result of the adaptation necessary for locomotion 
among branches. When moving among branches, primates make con- 
tact with “objects,” that is, branch segments of different shapes, sizes, 
and textures. Our primate ancestor, “descending” to the ground dur- 
ing the evolutionary process, had inherently in its “hand” (or rather 
in its brain) the intelligent strategies of handling objects and most 
likely its special attraction toward objects, which is unmatched in its 
dimensions among other species (Jerison 1973). 

Carrying objects also is characteristic of man. An artifact is not 
thrown away after its making and use but is carried by its maker or 
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user. Chimpanzees look for a useful object in the very place of the 
intended use, and they throw it away after they use it. This character- 
istic is probably connected with the development of another property, 
that is, carrying the prey home and not consuming it immediately 
after the hunt. 


Social structure 


The organization of mammals is usually characterized by mating 
types, ways of rearing progeny, methods of foraging, and structures 
of groups (Eisenberg 1981). Most mammals are polygamous; obligate 
monogamy is rare, accounting for about 10 percent of all species. 
The progeny is usually reared by the female, and male participation 
is low. Methods of foraging are enormously variable, the dominant 
type being the solitary hunter and gatherer (82 percent). There also 
is a great variability in group structure, ranging from pair-bonding re- 
stricted to the short mating period through the nuclear and extended 
family to complex troops (Eisenberg 1981). In the social behavior 
of our closest relative, the chimpanzee, many characteristics remi- 
niscent of human behavior are found. The members of a troop form 
smaller subgroups, usually consisting of males, or a mother and her 
young. Males are the residents (that is, young males remain with 
the group), but females leave the territory. Therefore, kinship among 
males is usually closer. Temporary male subgroups vigorously patrol 
and defend the territory. Upon meeting males of alien troops, they 
become very aggressive; murder of strange males is frequent. Males 
also are aggressive toward strange females, but they never take their 
lives; on the contrary, they try to prevent their leaving the troop’s 
territory. A dominance order exists among the males, but aggression 
within the group is not very strong. Males have a high tolerance for 
each other; moreover, male coalitions and mutual help are common. 
Sexual competition is strong, especially in small groups, but exclusive 
primacy of a single male is rarely found in larger groups. In free-living 
chimpanzee groups, a male consort of the female in oestrus is fre- 
quent; the pair tends to range apart from others for a couple of days, 
forming a kind of pair-bonding. The young are thoughtfully cared for 
by females over a long period. Males do not participate in the care of 
the young, but they show apparent tolerance toward them (Symons 
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1979, Hinde 1983). Group hunting for small animals, usually mon- 
keys, iscommon. In the hunt, only cooperating males participate, but 
sharing the prey does not exist except for “tolerated scrounging.” The 
individual actually catching the prey tolerates others taking smaller 
pieces of his food (this is the way females get a share), but as a rule 
he tries to withdraw with his prey and eat it alone (Teleki 1975). 

An intensive study is taking place aimed at reconstructing the bio- 
logical features of human evolution from paleontological (Isaac 1978) 
and comparative evolutionary data (Passingham 1982, Hinde 1983). 
Although there is no general agreement as yet, the main features 
seem to be established. Polygamous and monogamous marriage sys- 
tems occur among various modern societies in a ratio of 3:1 (Mur- 
dock 1967). The biological basis for polygamous tendencies is sup- 
ported by the sexual dimorphism found in man. It seems that the 
present situation is characterized by great genetic and cultural vari- 
ability. This statement also is supported (at least concerning sexual 
behavior) by the well-known facts that in monogamous societies po- 
lygamous tendencies survive in various forms, such as prostitution, 
open marriage, concubinage, etc. In polygamous societies deviations 
toward monogamy also exist in the forms of primary wives or other 
kinds of privileged position among legal wives. Since mammals, even 
primates, are predominantly polygamous (with the rare exception 
of gibbons, a branch of apes farthest from man), it is very likely 
that in the early period of human evolution polygamy was the domi- 
nant form. But soon conditions appeared that, to a certain extent, 
favored monogamy. It frequently is pointed out that 90 percent of 
birds are monogamous because of the high cost of parental care. Egg- 
laying, nest defense, and feeding the young require the participation 
of both parents (Passingham 1982). In human families of either po- 
lygamous or monogamous societies, fathers always have important 
roles in raising children. Therefore, it is probable that a shift from 
polygyny to monogamy resulted from the need for long care of the 
offspring and cooperation within the protohuman groups. 

Among chimpanzees, mating between mother and sons is very rare. 
In human groups there is a pronounced incest taboo and organized 
exogamy (Murray 1980). A plausible explanation for these phenom- 
ena is that early human evolution has been going on in small groups, 
and exogamy developed as a cultural mechanism to avoid inbreeding. 


Cultural evolution 169 


Sexual behavior in animals serves solely for reproduction. Man is 
the only species, except perhaps for dolphins, in which rejoicing and 
pair-bonding sex roles have evolved (Mellen 1981). Man is character- 
ized by strong pair-bonding, but attraction exists not only between 
members of the opposite sexes. Man is exceptional even among the 
higher apes for the extreme intensity of his social affections. Man is 
willing to sacrifice whatever is necessary, even at the risk of his life, 
for group mates. Social attraction is especially well expressed in early 
childhood. Children are willing to share their food (Eibl-Eibesfeldt 
1979), something that never occurs among even highly social apes. 
Care of offspring is characterized by its length and thoughtfulness as 
well as by the participation of group members other than parents. 
Mechanisms of social learning are especially well developed. 

Man is the only species that recognizes and maintains various kin- 
ship relations; this is characteristic of all cultures. The basis of kin- 
ship may be genetic or cultural descent, but a definite and organized 
system embodying most of the group’s interactions is certainly char- 
acteristic. Not even the most developed animals have such a kinship 
system. Among apes, for example, mother-young or at most sibling 
relations are recognized. 

Precultural man was characterized by strong cooperation expressed 
in common hunting. Common hunting involving cooperation and 
understanding among the participants can be observed only in a rela- 
tively few species. It is most developed in canids, especially in wolves. 
Group hunting requires a highly developed brain because not only the 
prey’s behavior but at the same time the movements and intentions 
of several group members must be followed and predicted. Concerted 
action may be taken only if an action plan exists or the events can be 
predicted with high precision. The leader must make quick decisions 
and evaluate alternatives, giving attention not only to its own but its 
companions’ actions and purposes. 

Precultural man carried the captured prey to his permanent home 
base and shared it with females, the young, and the elderly. Such 
sharing of food, aside from tolerated scrounging, and also the exis- 
tence of permanent home bases where females, the young, and the 
sick remain and where common feeding occurs are not known among 
apes. 
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Characteristics of human protocultures 
and the precursors of cultural evolution 


Emergence of cultural man is usually attributed to a single character- 
istic—for example, language, tool-using, or common hunting. Recent 
comparative evolutionary studies have shown that simplifying expla- 
nations are inadequate because all these traits depend on one another. 
On the one hand, they express the same ability; on the other, they are 
the components of a functionally organized, adaptive coevolutionary 
process in which they promote each other’s development (figure 22). 

It is increasingly apparent that the extremely high intelligence of 
man and apes has developed primarily in interactions within the 
social environment; other factors have played only a secondary role 
(Humphrey 1976). The habitat of protocultural man comprised the 
group as well. His survival and reproduction entirely depended on 
his connections to the group. The group’s structure can be charac- 
terized by a mild male dominance. Members of the group cooperated 
in gathering, hunting, caring for their offspring, and defending the 
group. They were willing to share food and goods. Polygamy and 
sexual competition characteristic of the early period of evolution 
were mitigated by these other social traits. Permanent pair-bonding 
and monogamy consequently emerged. 

A highly developed brain is a precondition for living in a com- 
plex social space. Evolution of the human brain’s displacement ability 


Figure 22 Feedback in the evolution of group societies. 


CULTURAL SUPERSTRUCTURE 
IDEA-NETWORK 


biologically-determined 
proto-cultural groups: 





ri cee leroe memory BIOLOGICAL DETERMINATION 
=! tool-using 

43>, fagguage ACTIONS 

Rn =| social attraction y 

A we 

A CULTURAL FEEDBACK ov 

OOK EEE 


Cultural evolution 171 


makes thinking in social relations and forming of a kinship system 
possible—the latter being the basis of the social space. Linguistic 
communication and tool-using also are expressions of displacement 
ability. 

In recent years an anthropological hypothesis that supposes a defi- 
nite and direct correspondence between tool-making, tool-using, and 
man’s use of language has had a great impact on the study of human 
evolution (Hewes 1971). The notion of “creative intelligence” mani- 
festing itself in toolmaking was already raised by Bergson (1902), but 
the considerable isomorphism of grammatical rules and toolmaking 
was recognized only in recent years (Montagu 1976). 

The evolution of language produced communicable ideas, which 
later could raise the protocultural system to a higher level of orga- 
nization. It seems clear that the formation of ideas, should they be 
concerned with the social, linguistic, or material sphere, have a re- 
inforcing effect on the nervous system. Reinforcement is a concept 
of the physiology of learning; animals tend to repeat actions that 
have been reinforced immediately after they occurred. Reinforcement 
may take the form of food, water, cancellation of punishment, etc. 
This has long been known in connection with individual habits and 
stereotypes (Lorenz 1973). Repetition and permanence in social rela- 
tions also reinforce existing connections (Tiger 1969). The same thing 
should happen in the development and repetition of linguistic and 
material ideas. The repeated, unchanged verbal recollection of a tale 
is indeed a pleasant thing. The creation of accurate idea structures 
for objects is facilitated and rewarded by the viewing, manipulating, 
and shaping of objects. For humans, therefore, the artifact is a means 
of creating and maintaining identical ideas. 

The reinforcing effect of object manipulation and the creation of 
artifacts on the central nervous system already had appeared before 
the appearance of the human race. It was unambiguously demon- 
strated by Morris (1962) in the object manipulation of apes. Man 
strives to objectify various nonobjective ideas (fine arts, religion), 
which can be the basis of the creation of symbolic objects. It also can 
explain an otherwise striking phenomenon—the sudden increase in 
the variability of artifacts about 40,000 to 50,000 years ago, which 
were predominantly objects of symbolic content, i.e., jewels and cul- 
tic objects. According to Clark (1970), hardly any object used by man 
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lacked a certain symbolic meaning. The common function of sym- 
bolic objects was to control and to guide social behavior into proper 
channels. In the evolution’s early phase this function was manifested 
through the presence of objects as primary stimuli that help to pre- 
serve and pass on an idea having a social context. 

In summary, the protocultural group was formed on the biological 
basis of sociability and the displacement ability of protocultural man. 
To satisfy basic needs, cultural complexes (including social and men- 
tal ideas) and objects were necessary. Social ideas shaped the group’s 
organization; mental ideas included useful knowledge and myths; and 
artifacts were made for cultic or practical purposes. These compo- 
nents made survival and replication of the protocultural group in time 
and space possible. Therefore, protocultural organization was the sys- 
tem precursor of cultural evolution—the organizer of the autogenesis 
of human culture. Protocultural organization was formed by replica- 
tive selection, which established the interconnections among social 
relations, ideas, and artifacts, and its creative nature permitted the 
gradual extension of the primary organization as well as its high vari- 
ability. Factors also emerged that, along with replicative selection, 
favored competitive selection. These will be discussed below. 

The most characteristic feature of protocultural organization is the 
emergence of a special positive feedback that played an important 
role in human evolution’s next phase. Cooperative hominids possess- 
ing relatively large brains and already using tools dominated their 
contemporary environment since no predators really threatened their 
groups. However, no evolutionary equilibrium or stasis was estab- 
lished (Cronin et al. 1981). The question remains: Why was that so? 
Which were the environmental or internal factors that induced the 
further rapid evolution that produced modern man with his linguis- 
tic competence, highly developed artifact and tool-making/tool-using 
ability, his symbolic thinking, cooperation and loyalty to his group 
for life and death, i.e., Homo sapiens? 

There are many indicators of a transformation of the mechanisms 
of selection that resulted from protocultural organization. In the evo- 
lution of animals individual selection is regarded as most important, 
and the evidence for group selection is weak (Alexander 1974). Mi- 
gration among animal groups is so high that it blurs the effects of the 
differential reproduction of groups, and so the unit of selection re- 
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mains the individual. In the case of man, protocultural organization 
created the very conditions necessary for effective group selection 
(Eibl-Eibesfeldt 1982). 

Language was certainly the decisive factor. Evolution of language 
and customs acted as isolation factors, having effectively mitigated 
migration among groups. Migration of a prelingual ape-man is con- 
strained only to the ranging limits of contemporary apes. Troops are 
not very friendly to outsiders, but occasional joining is not prevented, 
especially in the case of females. As language and with it the other 
components of culture appear, it becomes more and more difficult 
for an individual to be accepted by an alien group. Migration was 
restricted enough to permit group selection. As a consequence, an- 
togonisms between groups emerged. Linguistic isolation also created 
group consciousness, and with it a new social entity emerged, based 
not only on biological but cultural features. The groups of greatest co- 
hesion that were able to defend themselves against others conquered 
the best territories. 

Many data suggest antagonism among protocultural groups. It has 
been mentioned that the prey of the occasionally hunting chimpan- 
zees are young baboons or other small monkeys. Chimpanzees did 
not become good hunters because meat is not fundamental to their 
diet, although according to Teleki (1973) it is rather important. Hunt- 
ing activities of baboons also were observed. Obviously, early apes 
would have had a tendency to develop predatory habits if conditions 
had been appropriate. It also is clear that the easy prey would have 
been primate relatives because they were living in the same habitat 
and, being relatively weak, would have had no appropriate defense 
against the ape hunter. Quite possibly in the early period of evolution 
the protocultural hominids were specialized for hunting their fellow 
apes, and this could have been the very reason for the extinction of 
several species evolving at a slower rate (Roper 1969). The decreas- 
ing abundance of easy prey compelled the more developed species to 
hunt for other large animals, which increased the necessity for devel- 
oping further cooperation. The emergence of language as an isolating 
mechanism also created a (group) selective pressure in the form of 
active predation between groups. As a direct consequence, the rate 
of evolution increased rapidly, and the properties of modern man de- 
veloped. 
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The phases of cultural replication 


The most important component of the zero-system of cultural evolu- 
tion, protocultural man, is represented by the Homo line, which had 
been separated from apes. These creatures were living in small groups 
similar to those of the contemporary chimpanzee. Their developed 
sociability, verbal communication, and tool-using were the most im- 
portant features of species-specific protocultural organization, which, 
as a system precursor, initiated cultural evolution. Perhaps it is un- 
necessary to show in detail that protocultural organization was repli- 
cative. The Homo species evolved in a stable environment for millions 
of years, and organismic reproduction ensured the reproduction of 
their groups as well. 

Emergence of culture was allowed by the appearance of idea com- 
ponents, which could be copied and communicated from one gen- 
eration to the next. In the following discussion we will look at the 
appearance of the various idea types. 


Ideas of social relations 


At the beginning the biological factors of social relations dominated 
these ideas. The social functions and roles developing within a group 
of people are closely related to the conditions of biological existence. 
As the replicative accuracy of ideas concerning social relations in- 
creases, the ideas can become more and more detached from their 
direct biological factors. In an exclusively noncultural group of ani- 
mals the function of a dominant “superior” is largely determined 
biologically and depends on the individual’s condition, experience, 
and previous conflicts. The culturally developed idea of a “superior,” 
however, is interpreted only in terms of cultural traits. The person 
embodying it will not necessarily acquire this position by virtue of his 
biological qualities. The “rights” of a biologically determined supe- 
rior—his potential and scope of action—are determined by biological 
relationships, while the scope of action of a culturally determined 
superior is governed by traditions, customs, ideas, i.e., the culture of 
the group. Therefore, the phenomena of the social sphere are always 
doubly determined: their basis and limits are prescribed by biological 
factors, whereas their contents, manifestations, and interactions are 
directed by cultural factors—ideas. 
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In a culture social roles become institutionalized (Hinde 1983). For 
example, the role of a chieftain or a king becomes independent of 
the individuals fulfilling this role over time. The cultural function 
of power joins the biologically determined dominance order and su- 
presses the role of biological factors. 

Although no direct data are available on the early evolution of the 
ideas of social relations, the initial state can be fairly well assessed 
by comparative evolutionary studies—first of all, by studies of the 
social relations among apes. The development of a culturally stable 
idea is the function of the accuracy of replication. For example, if 
within a group of chimpanzees some kind of social structure devel- 
ops, this already will have numerous learned components, and the 
individual need not fight daily for its place in the hierarchy. As chim- 
panzees learn fast and remember for a long time, they retain their 
established positions far beyond their biological “limit of validity” 
(Goodall and van Lawick 1970). A change of position is not solely 
the result of individual actions of interested males, but that of the 
interaction of coalitions comprising several troop members (De Waal 
1983). The established position would result in a culturally stable 
“jdea” if there had been a means of preserving the learned materials 
for many generations, that is, if the physiological and mental appa- 
ratus of a quasi-identical replication of the idea were available. This 
apparatus is missing in chimpanzees. 

In the course of his development man has become capable of the 
increasingly accurate replication of ideas. Initially, a social relation 
lasted only during the lifetimes of the individuals concerned, and 
new individuals created new relations. It is easily conceivable that 
the rapid development of social relations has adaptive value for the 
group, and that its unchanged continuation may provide a selective 
advantage, promoting the trend toward a more and more accurate 
cultural replication. Of the idea structures of extremely varied rela- 
tions, only those will survive that have adaptive value in the given 
environment. Culture is not merely equal to the sum total of various 
customs, as has been stressed by Malinowski (1944). Individual cul- 
tural ideas have a function, satisfy definite needs, and interact with 
one another. This means that the idea structures can influence one 
another’s probability of genesis, which opens the road to the whole 
system’s evolution. The rapid acquisition of various social ideas pro- 
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moted the group’s survival. Therefore, genotypes producing a nervous 
system reconcilable with a readiness to obey authority gained adap- 
tive value during the coevolutionary process (Milgram 1963, 1965, 
Eibl-Eibesfeldt 1982). This trait is completely unknown in animal 
behavior, but it plays an important role in every field of culture. It can 
be observed in early childhood that the child during its socialization 
easily and spontaneously obeys the rules of play and social life. The 
almost unconditional readiness to obey authority makes the organi- 
zation of a complex culture possible, with all of its advantages and 
disadvantages. Rules are social ideas. In the propagation of ideas the 
autocatalytic kinetics (an essential phenomenon of evolution) char- 
acteristic of the structures at each evolutionary level can be clearly 
demonstrated (Jantsch and Waddington 1976). 

As has been shown in the discussion of previous evolutionary levels, 
the appearance of functions of varying structures always leads to 
the emergence of larger complexes—the supercycles. Ruth Benedict 
(1934) in her famous studies on American Indian cultures has shown 
that in individual communities cultural complexes may develop that 
are completely different in each community but are in themselves 
coherent and coordinated. In those cultural complexes the various 
phenomena such as aggressiveness or mutual affection can be inter- 
preted only in the context of the whole culture. As the process of 
cultural evolution is based on the replication of the concept super- 
structures—that is, the ideas in the brains of individuals—the general 
laws controlling their changes are no different from those operating 
at lower levels. 


Ideas of language and the production of artifacts 


The use of language itself is a certain kind of cultural idea system. 
Thus its development is bound to show the features of a real evolu- 
tionary process. The same applies to the idea components concerning 
the creation and use of artifacts. Isaac (1976) emphasizes two impor- 
tant components of the early evolutionary phase of various toolmak- 
ing activities. One is differentiation, the measure by which different 
shapes are separated in the mind of the toolmaker. The other is a sys- 
tem of rules, serving as the basis for producing the ordered assembly of 
forms, i.e., the artifacts. The development of both is made possible by 
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a mental template, a concept evolving in the course of neural evolu- 
tion. The first man-made artifacts were created in Africa about 2.5 to 
3 million years ago. They show hardly any signs of design. For almost 
a million years these objects did not change; their shape was deter- 
mined by the features of the raw materials rather than by the maker’s 
plan. About 1.5 million years ago symmetry, the first unquestionably 
cultural idea, appeared (Isaac 1976). The first symbolic objects not 
serving direct practical purposes appeared only 50,000 to 100,000 
years ago (Vertes 1964, Marshak 1976, Schwartz and Skoflek 1982). 
The development of language must have occurred between these 
dates, i.e., over a period of 1.5 million years if we accept that the de- 
velopment of artifact production adequately reflects the development 
of linguistic ideas. Considering either language itself or the devel- 
opment of artifacts, it is obvious that the appearance of individual 
idea components is immediately accompanied by the appearance of 
certain functions. The use of individual objects cannot be separated; 
they are interrelated. They act upon one another by their functions 
and influence one another’s probability of genesis. 

The same applies to linguistic structures. The individual units of 
language have special grammatical functions. These functions influ- 
ence the probability of genesis of structures in the course of linguistic 
evolution. Development of certain grammatical rules “canalizes” the 
language, creating a definite linguistic superstructure. According to 
Bloom (1976), the phylogenesis of language is to a certain extent re- 
peated in the period of acquiring language in childhood. The child is 
first preoccupied with objects in its environment, with its relation to 
these objects, and with its own social relations, and its first linguis- 
tic manifestations also are related to these things. It is reasonable to 
suppose that similar phenomena have occurred in the course of the 
evolution of linguistic idea components. The linguistic forms that de- 
veloped among individual groups of people were initially loose, less 
specific, and with inaccurate replication and great variability. As the 
functional intertwining grew, there was an ever-greater need for exact 
differentiation, and this could be achieved only through increasing 
accuracy of replication. Therefore, preconditions formed by the cul- 
tural environment became favorable for the appropriate biological 
(genetic) changes of the nervous system, which serve a more precise 
idea replication. Fixed genetic changes made possible the formation 
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of newer, more complex linguistic components, that is, grammatical 
rules. This is the very essence of the interaction of culture and bio- 
logical organization, that is, coevolution, and this process has played 
a principal role in the development of language. 


The origin of mental ideas 


For the production of mental ideas a certain kind of ability—abstract 
thinking—is necessary, and from experiments performed on chim- 
panzees we know that they already have this ability (Premack 1980). 
Adequate use of the concept of “middleness” can be shown not only in 
chimpanzees but in lower primates (Rohles and Devine 1966, 1967). 
Rhesus monkeys, after an appropriate training process, are able to cat- 
egorize pictures of flowers and insects they have never known (Lehr 
1967). Thus we have every reason to suppose that the formation of 
mental and other ideas began simultaneously. Emergence of the idea 
of the group may have a great advantage. Although originally this is 
a social idea, in use it can be supplemented with the mental ideas of 
“interest,” “survival,” “origin,” “life and death,” “sacrifice,” etc. These 
can form a very effective functional organization, which certainly en- 
hances the survival of the group. Thus the coevolutionary process 
will promote the refined production of further mental ideas. Modern 
man is characterized by his ability for abstraction at a high level. 
For example, common mathematics belongs to the class of abstract 
mental ideas. It certainly would be naive to believe that mathemati- 
cal ability in itself provided any advantage for humans during their 
evolution and that its emergence was adaptive. It is more likely that 
the ability to develop any kind of mental idea emerged because the 
abstract idea of the “group” represented a great adaptive value, and 
it served as an organizational center for shaping other mental ideas. 
Mathematical ability is only a by-product of forming abstract ideas. 
As the various types of ideas emerged, a whole system capable of 
continuously forming ideas developed, which as a consequence of 
its replicative nature had the characteristics of an autogenetic sys- 
tem. Individual ideas can influence the probability of one another’s 
genesis, i.e., function, and functional information appears. We can 
interpret both the parametric and functional information content 
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of various ideas, but their more rigorous definition and quantitative 
measurement has not yet been accomplished. The parametric infor- 
mation content may be regarded as maximal in the period of the zero- 
system’s development, that is, in precultural organization. At that 
time the developing components of cultural evolution have little in- 
fluence on the probability of genesis of one another. The functional in- 
formation content increases parallel with the interaction of ideas. For 
example, in the social sphere the social structures in which biological 
factors (e.g., the mother-child relationship) play the dominant role 
have high parametric information content, while in those insignif- 
icantly affected by biological factors (e.g., the structures of school 
systems) the parametric information content is small. The greater 
the differences between the complexes within individual cultures, 
the higher the functional information content of the complex com- 
ponents. As a consequence of idea interactions, this functional infor- 
mation is replicative information. In the idea components of cultural 
evolution the proportion of replicative information also increases. 

In the early phase of cultural evolution replication of the idea com- 
ponents is of low fidelity because the neural mechanisms ensuring 
exact linguistic replication of the various ideas are missing. These 
mechanisms can evolve slowly through genetic changes during the 
coevolutionary process. Besides linguistic competence, based on ge- 
netical factors, cultural structures themselves also are able to influ- 
ence the fidelity of replication. In the primitive culture of the Brazil- 
ian Auka Indians, who use only a few artifacts, Bauman and Patzelt 
(1977) found no generally accepted views within the tribe about 
complex abstract matters such as death, the existence of spirits, the 
origin of the tribe, etc. When such matters arose, everybody present 
gave his opinion; when all explanations, usually quite varied, had 
been presented, the given question was considered answered. Thus 
no well-established views were imposed on members of the tribe and 
transferred unchanged from generation to generation. This mecha- 
nism still reflects the nonidentical phase of idea replication, which 
later becomes more and more exact. 

Processes characteristic of autogenesis can be clearly recognized. 
Idea compartments form—for example, ideas for making tools, special 
knowledge, “master skills,” ideas of special hunting customs, myths, 
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etc. Compartmentalization is accompanied by the functional organi- 
zation of the ideas within each compartment, and as a consequence 
the fidelity of replication increases; that is, convergence begins. 

In cultural evolution several phases of development toward iden- 
tical replication can be recognized. At the beginning fidelity of rep- 
lication is influenced only by the properties of the nervous system 
—mainly linguistic competence and ability to construct ideas by us- 
ing language. A precondition for the nearly identical replication of 
ideas is that the human population of a given culture should not be 
too large so that ideas can spread by verbal communication without 
any constraints of time or space, and all members of the population 
should be able to participate in the formation of the common culture. 
If this condition is not fulfilled, the resulting culture will be separated 
into isolated compartments, which may be the basis of developing 
new types of culture. Thus the result of identical idea replication by 
verbal communication is nothing other than a cultural group, which 
will be regarded from now on as group society. 

The exact timetable for the appearance of these societies is not 
known because protocultural hominids also have lived in small, bio- 
logically organized groups that are not yet cultural entities and where 
their existence has been determined exclusively by biological condi- 
tions. The autogenesis of ideas in these protocultural groups initiated 
cultural evolution and resulted in group societies. Group societies are 
replicative units not only in their biological aspects but in their cul- 
tural aspects. Ideas of the group—its artifacts and social connections 
—replicate from generation to generation within the limits of fidelity 
provided by linguistic communication. 

The concept of group society satisfies the condition for being an 
autopoietic machine. Its components represent a functional network, 
which reproduces the very same network during its operation (Luh- 
man 1982). The group society, as an autopoietic machine, has no 
inputs and outputs, creating only the conditions for its own existence, 
and it cannot produce a surplus to be traded, exchanged, or unevenly 
distributed; it is organizationally closed, stable, and in equilibrium 
with its environment. Emergence of this organization took several 
million years during human evolution. 

The group society is an organization controlled by cultural con- 
straints, built on the dynamics of the biological level of human exis- 
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tence. In its evolution replicative and competitive selection have 
played important roles. Replicative selection also is creative in the 
autogenesis of culture, as shown by the enormous variety of differ- 
ent cultures. Independent of whether in itself it was adaptive or not, 
every cultural trait could survive that had not damaged the replica- 
tion of the given culture. A great number of cultural traits having 
neutral or small harmful effects may have been fixed. Competitive 
selection was mainly negative because it selected against traits that 
weakened the ability to compete with different cultures. 


The emergence of allopoietic cultural machines and 
further phases of identical replication 


The development of group societies and their identical replication 
have led to a stable equilibrium lasting for several hundred thousand 
years. These most developed compartments of cultural autogenesis 
could have provided building blocks for an even higher organization. 
Stable group societies were capable not only of replication in time but 
of replication in space, and as a consequence separate groups speak- 
ing the same language and having the same customs appeared. Group 
societies could either cooperate or be hostile. It can be assumed that 
at the beginning of linguistic isolation conditions were more favor- 
able for hostility because the groups were small and scarcely capable 
of vigorous growth. Later in their evolution, when they had already 
dominated their environment, they often divided, and common lan- 
guage and customs became bonds between “daughter groups.” Some 
kinds of cooperation might follow; the exchange of artifacts, ideas, 
and women became the forms of their interaction. Such a period was 
revealed by archaeological finds that uncovered traces of mass hunt- 
ings with highly developed hunting techniques. (See, for example, the 
analysis of a Central American find by MacNeish 1972.) In locations 
suitable for beating game, traces of large butcheries (bones of thou- 
sands of killed animals) and traps built by many people were found. 
Such a hunting technique requires the close cooperation of several 
large groups, elaborate action plans, rigorous discipline, and a hier- 
archical order similar to that of modern armies. Since the taking of 
such an enormous mass of prey far exceeds the amount participating 
groups need for their replication in time, it could have been done for 
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sport, to serve cultic aims, for trade, or for mere enjoyment, although 
to obtain direct evidence is almost impossible. It is very unlikely 
that small groups were able to perform such feats. The most plausible 
explanation is the emergence of a new cultural compartment. Man 
began to learn the organization of groups permanently cooperating 
for a given aim and accepting discipline; i.e., allopoietic machines 
emerged. This organization did not simply mean that more people 
were available for a certain activity, but that participants were will- 
ing to submit to the necessary training and discipline and to accept 
leaders who were able to organize the entire action. Development of 
allopoietic cultural machines made the integration of strangers for a 
given function possible, and as a consequence the particular cultures 
could spread beyond an originating group—for example, as in the 
culture of taking and exploiting slaves. 

The new social organization—groups with allopoietic machines— 
could cooperate and produce surplus to be used for purposes beyond 
mere existence. While in group society we find many organizational 
elements that also are found among animals, organizations similar to 
allopoietic cultural machines are not known in the animal world. 

At the end of the last glacial period a large part of the Pleistocene 
megafauna became extinct, and much evidence exists that man had 
a major role in their extinction (Harris 1977), most probably by over- 
hunting with the help of “hunting cultural machines.” As a result of 
an advanced hunting technology, this first ecological catastrophe led 
to a diminished number of large animals, and it also played a role 
in the development of agriculture and animal husbandry. These are 
technological processes that require the contribution of disciplined 
groups, and they provide surplus beyond the needs of producers. Agri- 
cultural production is the consequence of special allopoietic cultural 
machines. 

The “neolithic revolution” can be characterized by the rapid emer- 
gence of new technologies—for example, the domestication of ani- 
mals in a historically short period of a few thousand years, in most 
cases by capture of whole herds of wild animals (BOkOnyi 1976). 
Therefore, domestication is more an invention than a gradual de- 
velopment. Invention in this case means the organization of a tech- 
nological process, that of a cultural machine carrying out animal 
breeding. 
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The formation of new cultural machines was accompanied by the 
appearance of a new social organization, which may be called “village 
society.” The formation of a village society requires permanent dwell- 
ings, the division of work, and the cooperation of large communities. 
It seems not very farfetched to compare the differences between group 
society and village society to the difference between prokaryote and 
eukaryote organization. In both cases an early, primitive organiza- 
tion changes into a more complex entity, resulting in a new building 
block of a higher organizational level. As we can recognize modified 
prokaryotes as cell organelles serving special functions subordinated 
to the metabolism of their eukaryote hosts, thus we can recognize the 
ancient group societies as the “special organs” of the village society, 
such as groups of merchants, craftsmen, tillers, and herdsmen. 

It must be noted that among various cultural machines, “fighting 
machines” also have appeared. We know that hunter-gatherer group 
societies fought one another. Conflicts were part of their normal life 
and were connected with territorial defense. However, these conflicts 
cannot be regarded as wars. Wars began with the emergence of spe- 
cially trained, disciplined warrior groups, and with the aim of taking 
slaves, loot, territory, etc. We already have mentioned Mumford’s 
(1967) analysis that was the first to consider these organized groups 
of people as “machines.” The appearance of fighting cultural machines 
is the most important feature of the interactions of village societies. 
Perhaps it is the very root of the emergence of early states in which 
the village societies found some defense and possibilities for coopera- 
tion, so that they could remain relatively intact compartments within 
them. Inputs and outputs of the cultural machines can be joined into 
a superorganization. Therefore, allopoietic cultural machines repre- 
sent the system precursors of the states that are the compartments of 
a next organizational level. 

During the development of states the allopoietic cultural machines 
underwent further perfecting. New technologies and new services 
were invented; common mechanical machines also were invented that 
were Carriers of an idea complex, in that they served particular pur- 
poses, could produce surplus, replicate artifacts, etc. Later in the 
industrial revolution, from common machines and humans cultural 
machines of a new kind were created, and modern industry and tech- 
nology emerged (Ellul 1965). 
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A comprehensive and complete survey of societal evolution based 
on the autogenetic model requires more effort and space than we 
have. Only technical evolution, a particular consequence of the emer- 
gence of industry, will be discussed to illustrate the application of the 
autogenetic model. 


Technical evolution 


The zero-system and phases of replication 
of technical evolution 


The early phases of cultural and technical evolution coincide; the 
zero-system of technical evolution is the product of cultural evolu- 
tion. In the course of cultural evolution a “creative technical-space” 
evolves, that is, an artifact-producing mechanism is acting. 

Artifacts can be created in different ways; their shape and structure 
can be modeled after natural objects or can be invented by exploiting 
the human mind’s displacement ability. Usually they are produced by 
copying and partially changing an already existing object. Their pro- 
duction, therefore, can be regarded as a replicative process in which 
the accuracy of replication may vary between the wide limits of 0 and 
1. The structure of man-made objects lends itself to mutation and re- 
combination; their production is accompanied by selection resulting 
from competition for raw materials, energy, and production capacity. 
Thus the artifacts are structures capable of evolution. 

In the early phase of artifact production, only very rough copying 
takes place, and the objects themselves are less differentiated (Pattee 
1973). The production of objects without machines is piece produc- 
tion; the “master” individually forms the material and produces the 
artifacts. The multiplication of artifacts is slow, and the accuracy of 
replication is low. In time artifacts gain functions and the ability to 
influence one another’s probability of genesis, whereby their evolu- 
tion accelerates. The function of artifacts used as tools to produce 
other artifacts is a qualitative difference between the use of objects 
by man and animals. Animals never use objects to produce other 
objects. With the appearance of functions, the process of differen- 
tiation begins: individual objects prepared for special purposes are 
produced. As the objects proliferate, different series of objects co- 
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ordinated on a functional basis appear (such as the special tools for 
leather preparation). These series of tools are actually supercycles, 
that is, component complexes influencing in a regulated manner one 
another’s probability of genesis. The increasing replicative accuracy 
of artifacts is accompanied by a high degree of variability. Obviously, 
only objects reproducible with great fidelity can differentiate. 
Parallel with the appearance of machinery and industrial produc- 
tion, the identical replication of artifacts begins. Quasi-identical ob- 
jects are prepared by the millions. Nevertheless, random changes keep 
playing a significant role in the evolution of artifacts. Sahal (1976) has 
pointed out that innovation in airplane construction happens com- 
pletely at random, like mutations, and not in the direction generally 
expected. In particular, parts are developed that are not necessar- 
ily those most important for the entire construction. The number 
of different artifacts suddenly grows, differentiation connected with 
identical replication increases, and large supercycles (cultural ma- 
chines) appear. Compartmentalization begins; the computer and its 
peripheries, for example, can be considered a separate compartment. 


The separation of technical and cultural evolution 


The autonomy of technical evolution might be challenged on the basis 
that the objects represent only the cultural ideas acting in their pro- 
duction, and thus under all circumstances they are subordinate to the 
process of cultural evolution. It can be shown, however, that techni- 
cal evolution is presently in the process of separating from cultural 
evolution. 

This separation is accomplished in three phases. The first phase is 
the creation of the artifact itself. The ideas of cultural evolution, em- 
bodying the concept components existing in the human brain, are 
themselves physical realities. After being made, the artifact is sepa- 
rated from the mental template and may outlive it by even a hundred 
thousand years, expressing its function and interrelations indepen- 
dently of the mental template. In this first phase, however, the mental 
template at least plays a role in the object’s birth. Thus the separation 
is only relative. 

The second phase of separation starts with the appearance of ma- 
chines, especially automatically controlled machines. After one pat- 
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tern is established, millions of copies can be made; the ratio of the 
number of copies made to the number of mental templates involved 
in their production increases enormously. The mental template of the 
silicon chip of a pocket calculator used in millions of copies was avail- 
able perhaps in one or two copies before production. The individual 
using a complex object is not at all aware of the fine structural details 
of the artifact in hand. 

In the third phase of separation the mental template may be com- 
pletely eliminated from the process of artifact production. Obviously, 
we are now on the verge of this process. Computerized production 
planning and the use of robots in production will soon reach the level 
where the replication of artifacts becomes a self-maintaining process 
that will not require human cooperation. 

This process will be accelerated by the creation of artificial intel- 
ligence. Piaget’s scheme for the development of human intelligence 
has to be supplemented at this point. To the observational categories 
of self-self, self-object, self-(object-object), a new one is added in 
which the relationship between objects is observed or controlled by 
an “artificial self.” In the course of this process of separation, com- 
plex industrial processes, acting without human interference, will 
certainly develop with a mode of organization that will approach 
self-replication. Thus there is the possibility of convergence in future 
technical evolution, but we still are quite far from this today since the 
closed cycles of materials used in technology, being prerequisites of 
convergence, occur only sporadically and in an imperfect state. In the 
final phase, however, a global, self-sustaining, continually replicating 
technological system may develop through convergence. 

The parametric information content of the structure of artifacts 
consists of those parameters of the materials, method of production, 
and shape of the object that have not been brought about under 
the influence of other objects. A stone or wooden tool might have 
a high parametric information content. A rapidly corroding (thus 
under natural conditions nonexistent) metal object has a high func- 
tional information content. That part of the functional information 
content involved in the replication of the artifact, i.e., the replicative 
information, also can be recognized. It is easy to see that this part 
continually increases in the course of technical evolution until the 
whole system becomes one replicative unit. 
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Autogenesis of the global system 


The highest organizational level of the evolutionary process on Earth 
is the global level, which, as a final level, has some special char- 
acteristics. First of all, it consists of only a single entity, a single 
compartment—that is, the global biocultural system. The whole sys- 
tem is a component system. Its components are the various human 
societies—group and village societies and states, including compo- 
nents of the lower biosphere levels. Components of the global system 
were continuously assembled and disassembled during human history 
under the influence of the Earth’s energy flows. The present state of 
cultural evolution seems transient. The highest organizational units 
are states that ensure the functional coordination and replication of 
various cultural machines. The dimensions of the controlling forces, 
or constraints, of the states have reached and even exceeded the 
size of Earth. Mass media such as radio, television, and communi- 
cation satellites make communication among people direct, quick, 
and cheap, but at the same time they promote the manipulation of 
people by special groups; they also make their own manipulation by 
other states possible. Enormous amounts of material and energy flow 
among the states, and there also is a large migration of people. De- 
vices of modern warfare can be directed from any point of Earth to 
any other point, by which it is possible to destroy not only states but 
whole continents—or even the whole biosphere. 

Open societies operating with allopoietic machines are intercon- 
nected, and their interactions may lead to the formation of a higher 
organization (figure 23). As we have seen, stable component systems 
are characterized by continuous replication of their components as 
well as by close coordination among their replicative processes. States 
on Earth do not yet meet these requirements. Instability is shown 
by exponential population growth and by uncontrolled production 
of very effective ideas and artifacts, i.e., uncontrolled production of 
their main components. Instability also is evident in the fast destruc- 
tion of the biosphere and in deep social and political crises. 

In the former applications of the autogenetic model it was found 
that if on a given level of organization replicative compartments in- 
fluencing the probability of one another’s genesis develop, then for- 
mation of a new organizational level starts and at the same time the 
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Figure 23 Autogenesis of the global system. 


former stability ceases. Conditions for a more or less stable replica- 
tion of local biosocial systems were provided by the emergence of 
states during historical times. The early Egyptian, Indian, and Chi- 
nese states have been stable for thousands of years, although they 
have not lived in peace. As we know, replicative systems can replicate 
in time and space. Besides replicating in time, states can replicate in 
space while there is free space available. They can conquer territories 
and colonize them by sending people and ideas, often using force. 
Presently the possibilities for replication in space are practically 
nonexistent. Cultural constraints have emerged that do not allow for 
the complete destruction of conquered territory and the elimination 
of its inhabitants. At the same time the states have the power to 
effectively influence one another’s replicative processes. Further evo- 
lution of the biosocial system may continue only if new regulatory 
mechanisms are created that help to form the coordinated tempo- 
ral replication of the whole global system. As autogenesis continues, 
fidelity of replication as well as stability of the system’s components 
increase. But with the formation of the higher global organization, 
significant parts of their autonomy will be lost. In a final steady state 
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the global system and its components will be replicated with high 
fidelity, and its continued existence will depend entirely on constant 
outside (cosmic) conditions. 

The formation of the global system already has been recognized, 
and several global models have been worked out (Meadows et al. 
1982, Richardson 1984). Recognition of global problems will certainly 
spread, and greater efforts to solve them will be made. These new 
problems cannot be understood or solved in the framework of former 
social paradigms. Applying a new system theory is necessary, and 
this theory basically has already been worked out (Laszlo, 1972, 1973, 
1978, 1986). The development of new learning mechanisms is inevi- 
table if we are to transform the idea systems of present societies 
(Banathy 1973). 


8 Fundamental Laws of the Evolutionary Process 


In earlier chapters we have scrutinized those real systems that ex- 
hibit evolutionary processes. Now we will attempt to summarize the 
general laws, admitting that the proofs of the various theses are often 
insufficient or are occasionally replaced by mere assumptions. The 
concept of evolution is applied generally to the dynamics of the whole 
system, that of autogenesis to the particular cases. 


The theorem of matter and force 


During evolution that takes place in a physical system, components 
assemble and disassemble through time. As time progresses, the pro- 
portion of matter actively participating in the process increases, and 
the magnitude of forces influencing the interactions of the com- 
ponents is enhanced until its growth reaches the system’s physical 
limits. 


The theorem of energy 


In the course of evolution the system moves away from thermo- 
dynamic equilibrium and its entropy decreases, while the amount of 
energy stored, the time spent by that energy in the system, and the 
organized complexity of the system increase. 
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The theorem of information 


In the course of evolution simple organized system precursors sponta- 
neously appear, and by an autogenetic process they begin to replicate 
in time. Thereby the replicative information content increases in the 
system. This replicative information undergoes compartmentaliza- 
tion and converges until the whole system constitutes one replicative 
unit. At this point the system is in a state of evolutionary equilibrium; 
its internal control and stability are maximal, whereas its stability 
toward changes in external factors is minimal. 


The levels of evolution 


At the beginning of evolution the size of the compartments organizing 
the coordinated replication of components is determined by the build- 
ing blocks of these components. As the first compartmentalization is 
attained in an evolutionary system, the compartment as a new unit 
itself becomes a building block. If other conditions of an autogenetic 
zero-system also are present, a new level of evolution begins, imply- 
ing all the phases and phenomena described by the laws of evolution. 
The serial compartmentalization and development of new evolution- 
ary levels continue until a unified replicative system develops in the 
whole physical space of the system, and each structural unit of this 
system replicates in full harmony and with equal probability with all 
others. This is the state of evolutionary equilibrium. On the basis of 
real systems, the levels of evolution on Earth are as follows: 


1. Molecular 

2. Cellular 2a. Neural 

3. Organismic 3a.Cultural 3b. Technical 
4. Ecological 

5. Global 


The direction of evolution 


The direction of evolution originating at the zero-system points 
toward the maximization of replicative information. This follows 
through the convergence of compartments according to the hierarchy 
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of evolutionary levels. At the successive evolutionary levels the physi- 
cal space of individual compartments increases in size. On this basis, 
the development of evolution on Earth moves toward a uniformly 
replicating global system coordinated at all evolutionary levels. 


Note 


Theories of evolution deal only with system parameters and can pre- 
dict only the system’s general features; they cannot be regarded as 
deterministic theories. Evolution on Earth—and within this evolu- 
tion the history of human societies—is a unique story, singular and 
irreproducible. There is no contradiction between the predictability 
of changes in the general system parameters and the unpredictable 
nature of the particular forms manifested by the system. 

Humans, as replicating beings, are a product of evolution and are 
subject to its general laws, but humans can choose their own path of 
history, and this comprises their freedom. 


9 The Problems of a Finite Earth 


The biosphere 


Relationships between the biosphere and group or village societies— 
even early states—were very simple. The biosphere was the environ- 
ment, an unlimited source of food and raw materials, to the societies. 
Effects of man on the biosphere were negligible; his actions did not 
disturb the enormous energy and material fluxes of the living world. 
This situation has gradually changed, although not so suddenly as we 
tend to suppose. The extinction of several species during the Pleis- 
tocene as a result of overhunting has been mentioned. Man increas- 
ingly influenced the biosphere by inventing cultural machines, and 
at present he is the most active agent in the biosphere. It is very 
unfortunate that recognition of the active, dynamic nature of the bio- 
sphere came so late. Until recent years it was seen as a rather passive, 
static, resourceful environment, subject to all possible exploitations. 
Recent data have shown that it is the biosphere’s natural regulatory 
processes that provide and maintain the conditions for life, e.g., free 
oxygen, reasonable temperature and humidity, and many other im- 
portant parameters. 

Our most urgent problem is that we do not know enough about the 
biosphere’s regulatory processes. Presently we use infinitely simple 
physical models that have a very limited predictive power. We do 
not have the necessary theoretical basis to deal with systems of this 
complexity (Botkin 1982). 

The most apparent effect of man on the biosphere is the extermi- 
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nation of species and communities, a radical reduction of the bio- 
sphere’s complexity. Data gathered in the 1970s showed that about 
25,000 plant species (1UCN 1978) and more than a thousand verte- 
brate animals (1UCN 1975) are on the verge of extinction. According 
to conservative estimates, by the turn of the century another 0.5 to 
1 million species will become extinct (Myers 1979). Interpreting the 
dangers of this decreasing complexity to the public often takes the 
form of pointing out that many effective drugs or new kinds of food 
originate from plant and animal species that have been considered 
useless. This is a very simple argument; heretofore, it is as if the 
biosphere were nothing more than a resource for man, and the only 
reasons for conserving it were for man’s future use. The fact that 
the biosphere is a system of which we are components, and the fact 
that we are ignorant of its complexity and do not know the extent to 
which we may modify it without destroying it, has been realized only 
by a minority of human societies. It also is quite possible that the 
complexity of the biosphere has been evolved not by mere chance, and 
that its permanent stability depends on this very complexity (Allen 
1980). Domesticated species propagated in enormous numbers may 
temporarily be extremely useful for man, but it may happen that the 
species that were pushed out by the monocultures have played im- 
portant roles in supporting our basic life conditions. For example, we 
know that in desertification human influences have been and still are 
the most important factor (Spooner and Mann 1982). 

Besides the decreasing complexity of the biosphere, pollution is the 
most important human influence, and it is not at all independent 
from the former. By unlimited burning of fossil fuels, the carbon di- 
oxide, nitrogen oxides, and sulfur content of the global atmosphere 
is continuously increased. Some of the harmful effects are local, but 
often they spread over continents as in the case of acid rain. Through 
these influences, man has become a main formative force of the bio- 
geochemical cycles of Earth, which control the fluxes of the most 
important biological elements—carbon, nitrogen, phosphorus, and 
sulfur (Bolin 1981). The flow of these elements is the most fundamen- 
tal process in the biosphere. Even small changes may cause unforeseen 
consequences for developed societies, which certainly could not cope 
with the sudden decrease of agricultural production resulting from a 
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mild change of climate, although the danger of such a change is very 
real (Ward and Dubos 1972). 

So far we have mentioned interferences that are the consequences 
of normally functioning human societies, but we may add to them 
the threat of nuclear war. According to the latest studies, a full-scale 
nuclear war, besides eradicating human societies, might cause the 
sudden change of climate by cooling the atmosphere for six months 
to a year. The “nuclear winter” would probably change the biosphere 
irreversibly and to an extreme extent (Turco et al. 1983, Covey et al. 
1984). 

In the present situation it seems unrealistic to expect conserva- 
tion of the still existing natural ecosystems or a radical decrease in 
the harmful effects of human societies. It is quite unlikely that states 
would accept rules to halt further damage (e.g., stop eradicating 
woodlands, control burning fossil fuels by an internationally accepted 
quota system, stop air and water pollution, etc.). The cause of this 
pessimism is that acceptance of such international control would cost 
an enormous amount of money and is against the local and immedi- 
ate interests of states, while its favorable effects would appear only 
globally, slowly, and in the future. At present there is no effective 
and generally recognized organization that could represent or even 
articulate global interests. 

Therefore, it is very important to show how the relations of bio- 
sphere and societies have changed radically during the last period of 
cultural evolution. The biosphere is not the environment of society 
but is an integral part of society. Society’s increased influence has 
been so sudden and great that ecological conditions necessary for nor- 
mal operation of societies do not seem to be provided spontaneously 
by the biosphere. Very soon, probably around the turn of this cen- 
tury, we have to control and provide the very conditions of our own 
ecological existence. Whether we want it or not, we have to take re- 
sponsibility for certain aspects of the biosphere’s control processes. 
As a consequence, society and the biosphere will merge into a unified 
global component system, consisting of humans, ideas, artifacts, and 
all living organisms as components. Instead of spontaneous control 
processes, the arising system will rely on artificial, technical con- 
trol. As artificially controlled agricultural ecosystems replaced natu- 
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ral ecosystems in Europe, the biosphere will be replaced by a socially 
controlled bioculture. This will happen not because anybody wishes 
to take over control, but because frequent local catastrophes will 
compel society to take control, whatever it costs. 


Population growth 


Human population is growing exponentially, and at the year 2000 it 
certainly will exceed 6 billion, loading the carrying capacity of the 
planet beyond imagination. In less-developed societies some form of 
birth control always existed, in many instances without an aware- 
ness of the people who practiced it. Stable replication in time requires 
a constant population to maintain equilibrium with its environment. 
At present the rate of population growth is inversely related to soci- 
ety’s development. Whether the population of a given society is opti- 
mal or not is a difficult question, considering the quality of life, but 
we Cannot go into details of this problem here. The population prob- 
lems of the poor countries have mostly resulted from the rapid 
decrease in mortality rates. There were improvements in health con- 
ditions and medical care, and some powerful new drugs were intro- 
duced, etc. Unfortunately, these changes were not inherent conse- 
quences of organic development of the given societies but were almost 
always imported from more developed countries in the form of ideas, 
technologies, or active materials. An unforeseen and unwanted con- 
sequence of these processes is that the spread of the new ideas, tech- 
nology, etc., has not been accompanied by the appropriate, support- 
ing cultural changes, which, for example, would control birthrates 
on a level corresponding to new societal conditions. Here is a clear 
example of an external influence on the replicative process of the 
most important component of the human society—man himself. 

In a stable society replication of human beings does not simply 
mean the birth and survival of the individual but also the replica- 
tion of those societal conditions necessary for a decent life in a given 
society. If replication of a component in the component network of 
the society speeds up or slows down, the stability of the system de- 
creases. The situation becomes worse when the natural population 
control mechanisms are suppressed by an otherwise very respectable 
humanitarian aid of food, drugs, and medical assistance that helps 
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to avoid the immediate catastrophes but prevents the operation of 
the cruel correcting mechanisms. As a consequence, the situation 
becomes more catastrophic in the long run. Of course, it is inconceiv- 
able that the developed nations should let the overpopulated poor 
ones tackle their own problems and allow the eradication of people 
by famine or plague (the control processes of nature). It is impos- 
sible because very effective idea complexes were formed in the de- 
veloped nations that extend the concept of human community to the 
populace of the whole planet. This notion seems to be trivial nowa- 
days, but in primitive societies very frequently the concept of “man” 
has meant a member of the tribe, and humans belonging to other 
tribes were not included at all. There were times when ethical laws 
were not extended to strangers; they could be killed, tortured, or en- 
slaved. Unfortunately, the new extended humanitarian ideas are not 
yet effective enough to create a global organization that could solve 
the population problem. 

To solve such problems, recognition of the necessity to subordinate 
particular interests—whether they be individual or state—to global 
stability is essential. The exponential growth of population is threat- 
ening the depletion of Earth’s carrying capacity. Although crises are 
local in the short run, they soon will spread to the entire planet. De- 
veloped nations must recognize that population problems have been 
caused by their intervention in the replication processes of other soci- 
eties, so now they must help them solve these problems, which cer- 
tainly involves much more than respectable humanitarian aid that 
gives only temporary relief. Perhaps it also is an important argument 
that finding a solution also is in the utmost interest of the developed 
nations. 


Economic problems 


The past few decades have been characterized by a deepening eco- 
nomic crisis. Recessions, the oil crisis, inflation, and the enormous 
debts of various states are carrying the world to a global crisis and a 
possible collapse of the world economy (Brandt Commission 1983). 
According to the replicative model, these problems are connected 
with the emergence of the global organizational level. As has been 
discussed, the societal entities of early cultural evolution, the group 


198 Evolutionary systems and society 


and village societies but also the early states, were almost closed 
economies. They replicated almost perfectly for centuries, and their 
components of humans, artifacts, and ideas composed a closed cre- 
ative space. In the next period some societies developed allopoietic 
cultural machines and have never attained equilibrium because the 
outputs of their cultural machines were more than necessary for their 
needs, and they were able to influence the processes of other societies. 
Surpluses that were created by the cultural machines made trade, ex- 
change, and mutual economic interactions possible. Aside from war, 
economic interactions are those forces by which states are able to 
influence the probable genesis of each other; that is, those forces will 
lead to integration and the creation of a higher organizational level. 

The artifacts produced by cultural machines have to be function- 
ally distributed, and material and energy inputs for operating them 
should be provided. But these are the problems of the more-developed 
industrial systems. When these new ideas and new artifacts appear 
in the creative space of the underdeveloped states, they cause distur- 
bances in the stability of their replication, which is the central prob- 
lem of the underdeveloped nations. If such new artifacts are able to 
join with the existing replicative network of functionally connected 
components, i.e., if they have functions in the framework of the colo- 
nized system, then they begin to influence the probability of genesis 
of other components. Some will increase, while others will decrease 
or completely perish. This process may disturb the colonized system 
because it is not always capable of replicating components coming 
from outside. The higher the difference between the levels of devel- 
opment of the two interacting systems, the greater is the possibility 
of this replicative failure. As a consequence, the given artifacts do 
not become components of the system but remain outside conditions 
for them. If the system adapts to these outer conditions, that is, the 
necessary changes occur in its component network, then it becomes 
dependent on the conditions represented by the artifacts. If for any 
reason the continuous supply of the given artifacts is interrupted, seri- 
ous disturbances are immediately created in the system. For example, 
let us suppose that state B provides a large number of tractors to state 
C, which has not previously used such machines in its agriculture. 
The presence of the tractors obviously will change the agricultural 
technology, but at the same time it will make the poor country de- 
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pendent on the continuous supply of these machines. Tractors must 
be produced by state C, which is not a simple task because to produce 
tractors many other artifacts are necessary, most of which must also 
be imported from outside. And thus the problems multiply. Or state 
C needs continuous import of the machines themselves, which will 
cause it to lose its economic independence. 

It seems logical that these imports can be financed by increased 
agricultural production, but this is not so because usually not just 
a single artifact but whole technologies, whole cultural machines, 
are involved, the effect of which is very wide and penetrating. Fields 
plowed by tractors will be more productive only if fertilizers, insecti- 
cides, and harvesting machines also are introduced. These new arti- 
facts, in turn, create ever newer problems since they all appear as 
outer conditions. It must be added that not only are artifacts involved 
but also the idea systems expressed, either in the artifacts themselves 
or simply accompanying the artifacts to regulate their proper use, 
operation, repair, etc. Some of them will not be introduced into the 
new system, which will cause further problems. 

Of course, it is possible that an effective artifact can be introduced 
slowly enough to allow the accumulation of the replicative informa- 
tion of the artifacts in the underdeveloped system and thus avoid 
harmful effects. If the introduction is too rapid, then the less-devel- 
oped economy becomes simply integrated into the more-developed 
one’s replicative network by consuming some of its products. By this 
integration a series of transformations begin that will change the 
whole network of the underdeveloped state, for usually the ruling 
group is not aware or does not care and delays the necessary social 
and political adjustments. 

At present avoiding the influence of developed states is possible 
only by complete isolation, which is possible only for a few coun- 
tries (e.g., Albania). The process of integration, therefore, is going 
on with all its bad and good effects. Its harmful effects can be miti- 
gated if the economy’s replicative nature and the real nature of the 
interactions among the states are recognized. Gradual development 
of underdeveloped states respecting their own replicative processes 
and providing not primarily technology but replicative information 
(know-how) would allow these states to develop their own balanced 
and proportional replicative economies. 
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Mutual interaction may also cause problems in the more-developed 
states. The replicative network of the more-developed state also is 
adapting to the situation in which the output of its own cultural ma- 
chines is not fed back to its own replicative network. Therefore, when 
the situation is changing, e.g., the demand for products diminishes, 
then overproduction causes problems in the developed economy. The 
states usually help their economies by shifting the harmful effects 
of overproduction toward other states, thereby ensuring the smooth 
operation of their cultural machines. 

The solution to these very difficult problems will be possible when 
the integrative process of the global system is recognized, accom- 
panied by acceptance of the concept that not only the production 
and distribution of artifacts require control, but several political and 
social problems must be solved in order to make the formation of 
a global society possible. Instead of forecasting various catastrophe 
scenarios, it would be wiser to search for positive solutions. 


Appendix | 


The evolutionary theory that has been presented here is a general- 
ization of Darwin’s theory (Darwin 1859). It has been formulated at 
an intuitive level, although it seems to lend itself to a more axio- 
matic formulation similar to the formulation of the Darwinian basic 
theory by Williams (1970) (see an attempt by Kampis in appendix 
3). Nevertheless, despite the limitations imposed by its character, 
this theory claims to support the notion that evolutionary capability 
is an inherent property of matter that can be traced back to sim- 
ple physical laws. As a sufficient number of simple molecules at a 
properly low temperature compose an open system and are exposed 
to an energy flow capable of exciting the molecules, the system im- 
mediately moves in the direction of higher organization. Organized, 
simple system precursors spontaneously appear, and the development 
and concentration of replicative information begins. Obviously, the 
dimensions and physical properties of the system influence the con- 
stituent processes—compartmentalization, the number of individual 
evolutionary levels, etc.—but these are matters of detail. Given the 
necessary time, the system reaches a terminal state in which repli- 
cative information content is maximal, processes are coordinated, 
and further changes cannot be initiated from within. As long as the 
parameters of external energy flow are stable, the system as a unit 
exists in the steady state of evolutionary equilibrium. The final state 
is contradictory, for the internal stability of the system is maximal, 
and at the same time it entirely depends on external conditions, as 
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it has completely adapted itself to external circumstances during the 
long process of convergence. If the system reaching evolutionary equi- 
librium is part of a greater system (compartment), and its physical 
boundaries are narrower than those of the whole system, the next 
level of evolution appears through subsequent replications of the re- 
cently assembled replicative unit, and the accumulation of replicative 
information continues. If the compartmentalization and convergence 
of replicative information have reached the physical limits of the total 
system, a final state of equilibrium is reached. Now the total sys- 
tem (itself a replicative unit) is ready for further replication, but the 
necessary matter and physical space are not available. Its further exis- 
tence, therefore, is an eternal process of self-renewal, a replication 
within itself. 

Presently we are in the phase of evolution on Earth when the signs 
of a final global convergence are recognizable. The question arises 
whether evolution is a phenomenon limited to Earth, or possibly to 
the planets, or whether it has a role in shaping the fate of the entire 
Universe. 

My own, definitely wild speculations can be expressed in a gener- 
ally unjustifiable, logical explanation as follows: If the global system 
reaches the steady state of evolutionary equilibrium, it becomes a 
replicative unit. If, as a consequence, by colonization from Earth, 
or independently, further global systems evolve on other planets (see 
Kupier and Morris 1977), the next question is whether these other 
systems will be able to develop functions. If the answer is no, evolu- 
tion is only an interesting but particular phenomenon of the physics 
of lower temperatures restricted to a minute part of the Universe. If 
the answer is yes, a new evolutionary level appears, and further evo- 
lution will influence the parameters of the galactic system. Although 
it appears that available data are still insufficient to calculate the ter- 
minal state of the Universe (Barrow and Tipler 1978), on the basis of 
this general theory it may be taken for granted that the metagalactic 
growth of replicative information necessarily leads to the system’s in- 
creasing physical compactness. In the final state of the total amount 
of matter of the Universe carries replicative information, it is accom- 
modated in the smallest possible space, its entropy content is zero, 
its internal stability is maximal, its external stability is zero, and its 
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existence is timeless self-renewal. In other words, it may explode at 
any moment in a next Big Bang. 

The general theory of evolution predicts an oscillating Universe 
with the reassuring conclusion that the evolutionary history of each 
expansion and contraction is different from the others. 


Appendix 2 Considerations for the Scientific 
Formulation of Epistemology 


Epistemology traditionally belongs to the realm of philosophy, but 
in the course of rapid development and increasing integration of 
the natural sciences several questions directly connected with sci- 
entific practice have arisen. For want of a better alternative, these 
must be dealt with from within the natural sciences themselves. The 
most pressing of these problems appear to be in the fields of genetics 
(Campbell 1960), psychology (Piaget 1967), and ethology (Lorenz 
1973). 

Rather than discussing individual questions here, an outline of 
an epistemology is given with the intention of presenting several 
considerations from the natural sciences that are relevant to this 
problem. 


|. Definitions of cognition and knowledge 


First, the meaning of a few frequently used terms should be made 
clear. We are going to deal here with systems that can be distinguished 
from their environment by their physical parameters. Physical com- 
ponents exist within these systems, and they can be unambiguously 
described by the arrangement of their atoms, which form the struc- 
ture of the components. The interactions that may occur between 
such components resulting in structural changes will be referred to 
as functions. As a trivial example, the cell may be considered a sys- 
tem containing various molecular components. It can be described 
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by these components and their interactions, and in turn these inter- 
actions can be characterized as special functions, e.g., enzyme func- 
tions. An enzyme function always manifests itself in the altered struc- 
ture of other molecules. When the discussion of the “system” is taken 
to a higher level—to the level of organism, for example—the cell 
itself might then be considered a component. 

Cognition (which we shall label A) is a function, an interrelation- 
ship, that within the given system increases the probability of sur- 
vival of the component to which it belongs. That is, it increases the 
chances of survival of the participant actively involved in cognition. 

Knowledge (labeled B) is that part of a component that has evolved 
in the course of cognition. It is a special structural arrangement, the 
base on which depend the functional connections among the various 
parts, components, and parameters of the system to which it belongs 
and the increased probability of survival of the subject (component) 
involved in cognitive acts. 

It follows directly from this definition that a cognitive process is 
an event in the course of which knowledge is acquired. The first two 
definitions (A and B) almost will certainly evoke controversy; for this 
reason it must be clearly stated that the present definition of cogni- 
tion must be considered within its present area of validity. Despite 
these limitations, the above definitions can offer several advantages, 
namely, they help us arrive at general principles by virtue of which 
the cognitive processes of humans (including their evolution) as well 
as lower “biological” cognitive processes, or even the possible cogni- 
tive processes of technical constructions (by no means a negligible 
question nowadays), can be uniformly interpreted. 


2. Levels of cognition 


Although the above definitions refer to cognitive processes of indi- 
vidual components and subsystems, they also can be interpreted on 
a systemic level with minimal supplementation. Individual cognitive 
processes take place within a given system, and the acquisition of 
knowledge alters the structure of the cognitive components. As a con- 
sequence, however, the system itself changes because it acquires new 
(transformed) components in the cognitive process. If such a change 
increases the given system’s probability of survival and reproduction, 
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then a cognitive process also may be regarded as having taken place 
at the systemic level, and the resulting “knowledge”—in the form of 
altered components—as defined can be attributed to the total system. 
This also follows from the definitions of system and component, since 
any given system can be thought of as a component at a higher level. 


3. The mode of cognition and the content of knowledge 


In these definitions only the most essential features of cognition and 
knowledge have been established. However, further questions con- 
cerning the content, meaning, and mode of acquisition of knowledge 
must be addressed. From observing concrete processes it appears that 
the structure corresponding to the knowledge of a given component is 
always a construction reflecting in a simplified form some feature or 
relation of the environment—that is, the subject of the component’s 
cognition. Thus knowledge is always a model (Mesarovic 1964). Con- 
sequently, the mode of cognition consists of the construction of a 
model from concrete, available structural elements with the ability 
to reflect, more or less accurately, one or more aspects of the envi- 
ronment. Such a definition also can be readily justified intuitively, as 
knowledge indicates a certain kind of orientation and foresight. This 
feature manifests itself exactly in the capacity to build a functioning 
model and to use the data provided by the model for prediction. 


4. Theory of multiple reflection 


The model theory of knowledge is widely accepted and is the basis of 
Marx’s reflection theory. However, it can be extended by one essen- 
tial, logical step. If a component is capable of cognition, and in the 
course of acquiring knowledge it reflects its environment in a model, 
this process certainly will affect the environment that contains the 
cognitive component. This is obvious, since according to our defini- 
tion of cognition the probability of the cognitive component’s survival 
increases as a consequence of reflection, with consequent changes in 
the higher systemic level as well. A component’s environment always 
can be viewed as a higher systemic level. Alterations in this higher 
system level that result from the cognitive process create a new envi- 
ronment for the cognizant component, which in turn produces more 
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knowledge. (But this already contains the previous step, so to speak. ) 
Thus in the long run knowledge-acquiring cycles are of an iterative or 
feedback nature. A multiple reflection of the environment takes place 
in the cognizant component. This can be formulated in the follow- 
ing thesis: The acquisition of knowledge (labeled C) alters the higher 
systemic level (the environment) in which a cognizant component 
acts, and this changed system is reflected repeatedly in the cogni- 
zant subject. Knowledge acquired by the subject during this process 
is cumulative. 

This phenomenon plays a fundamental role in the history and fate 
of systems and therefore will be discussed later. 


5. Cognition in real systems: the cognitive 
processes of genetic structures 


Before elaborating on some features of the cognitive processes that 
follow from the previous discussion, it is worth considering some fun- 
damental real systems. The basis for the evolution of living organisms 
is the gene store of the various species. Genes are definite molecular 
structures, and the functional relationships of these components to 
one another and to other components within their environment are 
the subject of molecular biology and genetics. Another and possibly 
less obvious feature of the genetic “system” is that, being a cognitive 
system, it is a model of its environment. 

On the surface of Earth the distribution of light is constantly and 
regularly changing. This has undoubtedly been a basic characteristic 
of the biosphere for billions of years. Accordingly, the metabolism of 
most species shows evidence of an inherited internal rhythm encoded 
in the genome. Different species may be active in periods of darkness 
or light, but all have the inherited “knowledge” of this environment’s 
periodicity. The genetic “regulation” of this internal rhythm is rela- 
tively well known, and certain species also appear to possess a similar 
knowledge about lunar movements and the changing seasons. These 
all share the characteristic that, although the actual external factors 
may change the internal rhythm and may to some extent even over- 
ride it, the foundations of these rhythms are genetically coded and 
inherited according to rigid rules. 

Let us take another example. In recent years the selection of routes 
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by migrating birds has been thoroughly studied. It has been shown 
that storks inherit the knowledge of the main parameters of their mi- 
gratory routes. European storks use one of two paths: birds from the 
eastern regions fly to Africa via the Bosporus, while “western” storks 
travel via Gibraltar. If young eastern storks without personal experi- 
ence of their traditional migratory route are caught and released west 
of their breeding ground, they start to migrate to the east, that is, 
in the direction appropriate to the area in which they were born. 
Western storks behave similarly; when moved east they start to fly 
west in accord with their place of birth. This suggests that the storks’ 
knowledge of migration routes is rigid. It is not affected by environ- 
mental factors but is fixed genetically. Thus storks may be considered 
to possess a “map” of the migratory route in the genome. However, 
this does not seem to be true for all species of migratory birds. In the 
case of the greylag goose such a map cannot be found in the genome 
but develops instead in the central nervous system through learning 
(Eibl-Eibesfeldt 1970). 

Not only cyclic alterations of parameters, or the mapping of migra- 
tory routes, but often very complex “skills” can be found encoded in 
genetic material. There is a tiny moth that is a parasite of the yucca 
plant. The female lays her eggs in the flower of the yucca, and the 
larvae feed on the developing yucca fruit. The larvae can survive only 
if the yucca flower develops into fruit, that is, if it is fertilized. This 
vital act is carried out by the female moth herself. She collects pollen 
from the stamen of the flower, rolls it into a small ball, and places it 
on the stigma. This process of fertilization is a complex “technology,” 
carried out by the moth merely on the basis of its inherited knowl- 
edge, and is encoded in the genome (Morgan 1896). 

The mechanism underlying the acquisition of knowledge by genetic 
components is known. Random alterations of structures, e.g., muta- 
tions, produce variations in the components. As a result of environ- 
mental influences, the components that become established are those 
that can best be incorporated into the already existing system’s func- 
tional network. Such genetic cognition is a relatively slow process, for 
the acquisition of essential new knowledge sometimes requires mil- 
lions of generations. It is characteristic of the genetic accumulation 
of knowledge that in the course of its development the proportion 
of knowledge about the cognitive component itself continues grow- 
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ing. In the course of evolution the genetic systems of populations 
of living organisms develop an ever-increasing knowledge concerning 
other functionally related populations. If the gene store of the whole 
biosphere is considered as one system, and this system’s cognitive 
processes are studied, it is possible to demonstrate a tendency to 
move toward a steady state, as is the case for all systems composed 
of physical structures. At the same time, and as a consequence of the 
cognitive processes occurring in the system, the equilibrium of the 
system is in disintegration. The very knowledge that corresponds to 
a newly emerged steady state disturbs this state. The acquisition of 
knowledge thereby becomes the driving force for continuous change. 


6. Cognition in real systems: neural 
cognitive structures 


In the first long period of evolution, only the genetic level of cogni- 
tion had come into being. It was only with the development of ani- 
mals’ nervous systems that a fundamentally new mode of cognition 
appeared. 

Each species reacts to stimuli received from the environment in a 
characteristic way, with the most primitive form of response being 
a direct reaction (Lorenz 1973). Many reactions of unicellular organ- 
isms belong to this category. Organism and environment affect each 
other simultaneously in this case. With the development of multi- 
cellular organisms, a new type of action, sensitization, appears. In 
sensitization an excitation received and transmitted by the recep- 
tor cells produces in the nervous system not only momentary, tran- 
sient reactions but lasting states of excitation. Should the stimulus 
reappear, the organism’s reaction becomes faster, more direct, and 
more effective. 

The mechanism of habituation is similar. Experiments with marine 
mollusks show that a habituation to touch results from the exhaus- 
tion of post-receptor interneurons. The possibility of habituation 
makes the “disconnection” of repetitive stimuli (that is, reserve 
and inactivity) possible. These complementary processes provide the 
basis for higher neural functioning. A triad consisting of receptor 
cells, interneurons capable of sensitization and habituation, and 
motor neurons actually make up a primitive environmental model. 
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The motor structures do not operate as a direct response to stimuli. 
Rather, the information content of the stimuli first enters the inter- 
nal model consisting of interneurons, and the resulting activity of 
the model regulates the motor structures. As long as the interneu- 
ron network is relatively simple, this modeling of the external world 
remains extremely primitive. The model’s structure consists of only 
a few points of excitation. In higher animals, however, very accu- 
rate representations of the external world can be demonstrated. The 
mental model is not simply a reflection of the environment; it also 
can reproduce the dynamics and functional relationships of external 
processes. In addition to representing the external world, it contains 
possible behavioral instructions for the organism (MacKay 1951-52). 
The animal’s activity is not regulated simply by reactions to environ- 
mental stimuli, but by the expectations and situational investigations 
arising from an analysis of the model developed within the nervous 
system. 

This model is the brain’s representation of the environment and is 
used by it as an internal reference for the control of various forms 
of behavior (Sokolov 1960, Archer 1976, Csanyi 1980, 1982, 1985b, 
1985c). 

According to leading neurobiologists, the modeling activity of the 
nervous system is the cognitive process itself. Careful analysis of 
ethological data indicates the existence of cognitive functions in ani- 
mals as well (Griffin 1976). This view is strongly supported by the 
fact that the vertebrate brain, especially that of mammals, is very 
similar in structure to that of man. All the evidence seems to sug- 
gest that the mind developed gradually, not in a single leap, and that 
differences among species are of a quantitative nature. However, con- 
crete physical structures containing neural models are not yet known. 
They might exist at the neural level, but it is possible that subcel- 
lular components play a determining role. Whatever the case, there 
is no doubt that the nervous system’s modeling activity gives rise to 
structural alterations corresponding to our earlier definitions of cog- 
nition, knowledge, and system alteration concerning cognition. The 
biological benefit of the acquisition of knowledge by animals is the 
increased probability of the individual’s survival. Memory traces play 
an essential role in the neural model’s development. Learning, a pro- 
cess in the course of which memory is established (within genetic 
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limitations), is the mechanism that selects, among model variations 
formed in the brain by environmental influences, those models that 
can most likely contribute to the organism’s survival. The selected 
model—that is, knowledge—is interrelated functionally with other 
environmental components, and it is this very functional interdepen- 
dence of the model that makes the selection of models possible. 

The principle of multiple reflection also is valid in cognition at the 
level of consciousness. Animals having the most advanced nervous 
systems, apes and man, are capable of building a mental model of 
themselves and thus can be said to possess self-consciousness (Gallup 
1970). The structure of the nervous system of every species is geneti- 
cally determined; the “neural” mode of cognition is a subsystem that 
has developed above the level of genetic components, and its function 
is to provide a rapid but transient cognition compared to the genetic 
system. Mental knowledge possessed by an animal, even that of a 
self-conscious animal, is generally lost with the individual’s death. 
Consequently, this kind of knowledge as a component does not be- 
come permanently built into the system. Its only purpose is to serve 
the evolution of still better knowledge-acquiring mechanisms, since 
the reproductive rate will be the greatest for those individuals whose 
knowledge-acquiring mechanisms under given circumstances are the 
best. The result of this selective pressure is an increasingly rapid de- 
velopment and consequent appearance of brains that are capable of 
producing increasingly perfect models of their environment. At the 
peak of this development is man, with a brain that appears to be in the 
light of present knowledge not only the most perfect model-building 
apparatus, but also the first system capable of transcending itself and 
establishing a completely new level of cognition. 


7. Cognition in a real system: cognition above 
the level of the mind 


Numerous essentially biological factors play a role in the develop- 
ment of human society: language, the use of tools, highly developed 
sociability, and cooperativeness, just to mention the most important. 
All can be reduced to one essential factor: man is a structure-building, 
constructive being. Language, and the ideas expressed through lan- 
guage, may be regarded as structures, as can such artifacts as tools. 
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Social institutions based on social relations also may be regarded 
as structures. Thus, based on his biological characteristics, it seems 
that man is able to “generate” a new system containing the above- 
mentioned structures as components, and we call this system society. 
It is suggested here that these constructions of man are models; that 
is, they are built up from components containing knowledge. It is fur- 
ther suggested that the new system produced by man is capable of cog- 
nition at its own level and fits our definitions of cognition and knowl- 
edge. That is to say, man’s constructions, whether ideas, artifacts, or 
institutions, are themselves cognitive structures (components) capa- 
ble of entering into a functional relationship with their environment 
through the cognitive process and able to build the knowledge thus 
acquired into their architecture. The knowledge-acquiring process of 
artifacts is generally slow, the computer being one notable exception. 
The speed with which it acquires knowledge may eventually reach 
and even surpass that of the human brain; and it is beyond doubt that 
computers will be increasingly used in the collection of knowledge 
independently of human consciousness. Whatever the limitations of 
present constructions, it is inevitable that those of the future will 
be capable of gaining knowledge that has not been “fed” into them. 
At some level of complexity the appearance of self-consciousness 
is only a question of construction. The largest cognitive structure 
on Earth at present, both in capacity and operation rate, is human 
society, composed of biological, mental, material, and social com- 
ponents. The last three have become functionally interactive at ex- 
tremely high rates, collecting knowledge about the environment and 
about themselves. This is expressed in the subsequent change of their 
structure. The accumulation of knowledge has a stabilizing effect on 
the system’s parameters, while the society becomes increasingly self- 
sufficient. 


8. The effect of cognition on higher systems 


So far our discussion has centered on the cognitive process and cog- 
nitive structures, but now it is necessary to consider the effect of 
cognition on a higher systemic level in which the cognizant subject 
acts as a component. These questions recently have received special 
attention as social cognition causes fundamental changes in man’s 
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immediate environment—the biosphere. The direction of change can 
be deduced from our definitions of cognition, knowledge, and system 
alteration. As a consequence of cognition, the model of the cognized 
system or part of the system is incorporated into the cognitive struc- 
ture. As a consequence of multiple reflection (the definition of system 
alteration), a model of ever-increasing complexity and accuracy is 
incorporated into the cognitive structure, with the result that the dif- 
ference between the real system’s functioning and that of its model 
constantly diminishes, and thus an ever-increasing part of the origi- 
nal system becomes part of the cognitive structure. Since on a Cer- 
tain level of complexity the cognitive structure models itself through 
multiple reflection, an ever-increasing part of its knowledge refers to 
itself. Under the combined influences of these two processes, the sys- 
tem and the cognitive structure become better and better coordinated 
functionally. The cognitive structure of growing complexity plays the 
dominant role in this coordination. 

From these we can postulate: The cognitive structure assimilates 
the cognized system and becomes one with it (what we label as D). 

As for the above-mentioned problem of the biosphere, there is no 
realistic basis for the notion that it is possible to protect the biosphere 
from human interference (that is, from assimilation). Society neces- 
sarily must assimilate the biosphere by producing new conditions for 
its functioning. In other words, in the process of acquiring knowl- 
edge, the physical mass and complexity of the cognitive structure 
keep growing to the detriment of the system, until the whole system 
has become one with the cognitive structure. 


9. The limits of cognition 


It follows from the above definitions, particularly from (D), that on 
any given systemic level cognition cannot be unconstrained. As a con- 
sequence of multiple reflection and assimilation, the system becomes 
increasingly stable and provides a decreasing amount of information 
for the cognitive structure—substantially for itself. If the boundaries 
of the system are fixed and the cognitive structures are unable to cross 
those and leave the system, and at the same time external factors 
do not change the parameters of the system by force, then cognition 
tends asymptotically toward a limit. The system assimilated by the 
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cognitive structure reaches a steady state in which its components 
lose their capacity to change. 

To formulate a thesis (which we call E): In a system that is closed 
from the point of view of cognition, knowledge accumulates, cogni- 
tive processes converge, all components of the system become func- 
tionally coordinated to constitute a unified whole, and the system 
becomes stable and reaches a steady state. 


10. Cognition and the universe 


Although the various real systems possess numerous special features, 
the five theses developed above seem to be valid for all of them. Con- 
sequently, the phenomenon of cognition is not linked to any special 
organization or structure. It is suggested here that a concluding thesis 
(F) can be formulated: Cognition is a fundamental form of the mani- 
festation of matter. 

This appears to be valid at least for atomically constituted matter. 
Cognition is a kind of self-organizing feature of matter that, under 
proper physical circumstances, appears without further conditions, 
and through a series of structural changes the properties of the given 
system converge toward a steady state. The thesis postulates that, as 
a general principle, the capacity to create structures is “inherent” in 
matter on any level of development or in any form of its motion. 

Whenever a system composed of atoms at a sufficiently low tem- 
perature is subject to a flow of energy capable of exciting the atoms, 
the system immediately moves in the direction of higher cognitive 
organization. The history of evolution on Earth is a clear example. 


Il. The place of human cognition in the universe 


Man always has striven to find his place in the Universe, often imag- 
ining himself to be a unique “creature,” a lonely wanderer, and often 
regarding his mind and talents as exceptional and irreproducible phe- 
nomena. Recognition of the rules of cognition supports the notion of 
man as an inherent part of the Universe, manifesting the general laws 
of matter in his activity. If man could manage to surpass the earth- 
bound limits of his cognition, the whole Universe would be open to 
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him, with a chance (somewhat greater than zero) that it also could 
be changed in accordance with his vision. 

Presently we are in the phase of evolution on Earth when the signs 
of assimilation of the entire Global System by man can be recognized. 
If the Global System reaches a steady state, it has two alternatives. 
Either its cognitive forces turn on the Global System itself and it be- 
comes a closed system; or it begins to explore its cosmic environment, 
the Universe, and a new cycle of cognition starts. The New Global 
System as a cognitive component of the Universe will be an active 
force and will be capable of assimilating its environment. 


Appendix 3 On the More Formal 
Approach to Autogenesis 
Gyorgy Kampis 


Introduction 


Since the elaboration of the first version of this theory of evolution 
(Csanyi 1978), and particularly since the formulation of autogenesis 
(Csanyi 1985, Csanyi and Kampis 1985), we have been working on a 
mathematical description and system modeling of evolution (i.e., of 
autogenesis). Our aim was to eventually develop an abstract, theo- 
retically grounded formal model in which autogenetic processes take 
place under weak assumptions and which is adequate for the charac- 
terization and reproduction of real evolutionary processes. 

Certain elements of such a description already have been elabo- 
rated, starting with a preliminary description through publications 
illuminating some problems of the concept of information (Kampis 
1986a, 1986b) to studies discussing the concepts of component sys- 
tems, replication, and evolutionary complexity (Kampis and Csanyi 
1986a, 1986b, 1986c). 

There is no place to go into detail here. The purpose of this sum- 
mary is only to interpret the concepts of autogenesis more pre- 
cisely. Thus we shall deal with components, component systems, 
zero-system, function, replication, information, autogenetic system 
precursor (AGSP), compartment, etc. 

It may be worthwhile to emphasize that this approach confronts 
the transformations within given systems with functions and with 
replication, and inert information with the information that is corre- 
lated with observable actions in the system. We refer to the above- 
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mentioned papers for the background and theoretical importance of 
these points. 


Component systems 


Components, built up from simpler building blocks, serve as the basic 
units of autogenesis. They are constructed according to rules that are 
uniform but depend on the set of building blocks. The characteristic 
process of a system of components is that new components are formed 
from the given ones. 


Definition one 


Let E = {e;| be the finite, nonempty set of building blocks. The set 
of (possible) components is the set S, defined recursively by a given 
¢(:,:) mapping in the following way: ¢:S'xS'—S; S'=SUE. 
(Mapping ¢ is called the composition rule.) 

The term s; is the jth type of component (S is obviously count- 
able). If components are formed in the course of the system processes, 
this always takes place according to the composition rule. Thus it ap- 
pears implicitly in the transformations, which prescribe only allowed 
operations on components. 

During the functioning of autogenetic component systems building 
blocks are neither generated nor destroyed. Components are there- 
fore transformed into one another. Now let ¢ denote the (supposedly 
discrete) time instances, and M, the state of the system; M, is the enu- 
meration of components, as a set, and is also the symbol for the set. 
When saying s; € M, or that M, is finite, we refer to the proper set. 
We shall speak of finite systems only; thus there is a finite number of 
different states: M', M?,..., M". 

Now we can introduce the basic transformations of the system. 


Definition two 


Let M, be the state in t. The mapping f(-,-,-) for which (1) 0 = 
f(i,i,M:) =1 (2) P(s;|, is transformed to sj\,+1) = (j,i,M;) for all 
s; © M,, s; € S is called the local transformation of the system. 
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That a component is transformed to another is understood here to 
mean that the former contains some building block(s) from the latter. 
Although this does not influence the present inferences, we assume 
that f is identical for all copies of components of identical types. 


The zero-system 


The state of the system can be characterized, on the one hand, with 
the system state taken in the narrow sense and, on the other hand, 
with its transformations. The set of transformations of components 
seen at the level of the whole system is denoted by F (F = {f}s); that 
is, it is the set of f — s which belong to S. 


Definition three 


The autogenetic zero-system is an ordered triple O = (S, F,M,), where 
M, is the initial state. 


Function 


During autogenesis, components appear that change the original f 
(or F) transformation of the system. This means that while the trans- 
formations of the zero-system are independent of its components, 
those corresponding to functions are component-dependent. It should 
be noted that there is no possibility for an a priori enumeration of 
these transformations in some suitable f’ since these are realized only 
with the appearance of the given components and are unknown be- 
fore that. This is expressed in the definition of functions for individual 
components, and also for their sets. 


Definition four 


If P(s;|, is transformed to s;|,+1) =f;,(j,i,M:) Af(j,i,M,) for an s; and 
some s; € M,, s; © S, then s; is a functional component in M,. This is 
denoted by s; > s; and s; > 5;. 

This notation expresses the fact that the function of s; is related 
both to s; and s; in some way (determined by fs;). In the sequel we 
shall suppose that if a component is functional, then it has function 
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for itself as well. This means only that the transformations related to 
it also depend on it to some extent. 


Definition five 


The set F; C M,, for which Vs, € F; is functional in M,, i.e., f(j,i,M:) 
¥ fr,(j,i,M,) for some s; © M,, s; © S, is called a set of functional 
components. The set of s;-s of this definition is called $,, and {si} is 
called F,. The functions are denoted as F; — F and F; > S;. 

We note that f¢,(j,i,M,) denotes the proper subset of F, and simi- 
larly in the sequel. 

Now, if there is at least one nonempty F; in M,, then there is 
a largest of these, which we denote by F;. The largest S; and F 
are understood similarly: S| and F;. The functions of M, are thus 
J) 08 Re 


System 


So far we have mentioned only individual components (endowed with 
functions) and their sets and have not discussed their relationship 
to the system. Clearly, if we should write f,(j,i,M,) instead of some 
f(i,i,M1), this results in a change of F. For instance, with the ap- 
pearance of the first functional component, an F'! replaces F; and, 
in general, we have a history of the system, the sequence of F, F', 
Be asaca. a. 

As a consequence, the system itself is changed with the appearance 
of new functions, and there are not just internal changes taking place 
in the system. Phenomenologically, this is trivial: if both the compo- 
nents and the relations (or transformations) of a system are replaced 
with others, the identity of the system becomes altered. 

More formally, there is a sequence of F mappings in which a new 
mapping always is determined by the results of the preceding one. 
This means a recursion. The system then could be identified either 
with these transformations or with their closure, but it is possible 
to show here—by considering the mappings as algorithms—that the 
system’s own algorithms are not identical with the one that per- 
forms the closure. Thus we cannot commit identity to the latter, and 
the system’s identity changes in the course of iteration (as detailed 
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in Kampis and Csanyi 1986b). This is reflected in the definition of 
system: now it is an ordered O' = (S,F',M,) triple, where F' is not 
necessarily identical to F. During autogenesis, it is the system that 
changes. 


Replicative function, compartment, and AGSP 


Consider now those cases where 
(a) See(i,i,Mi) > f(j,i,Mr), Ss; SM, Sj Sy 


because we are interested in the active role some components play 
in the genesis (production) of other components. Eventually we seek 
a stable functional organization where the functions of components 
are manifested in the process of producing the components that con- 
stitute the system. 

First let {s;} = S{ and {s;} = Fj for the s; — s and s; — s of (a); this 
will show an interesting picture. Let us define sets Aj, Az, A3, and A, 
in the following way: 


(b) A) =S{ NF; 
(c) ASW ait 
(d) A3 = FI NF; 
(e) ye Re oii 


(remember the meaning of S;, F;, F3). 
Now examine the following cases: 


(f) A, ¥@ 
(g) Ar #@ 
(h) Az ~@ 
(i) A, #@ 


Formula (f) means that the function of F} increases the probability 
of genesis of A; from A;; (g) says that the probability of genesis of 
F} from A2 is increased due to functions of Az; according to (h) the 
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probability of genesis of A3 from S; is increased due to functions of 
A3; and (i) says that the functions of A, increase the probability of 
genesis of Ay from Ay. 


Definition six 


Functions in formulas (h) and (i) are replicative. This is denoted by 
A> A. 

Formula (i) describes the temporal reproduction of a materially 
closed system. This is called replication in time. Spatial replication 
occurs where the component set that is endowed with the respective 
functions is reproduced, and, beyond this, a similar one is produced 
from external building blocks. Formula (h) leaves open the question 
of these kinds of replication: it can be any of them, depending on 
the fate of A3 (e.g., if it is destroyed in the process, it is temporal 
replication). 

Let A* denote all of the replicative components of M,. Although the 
above A; and Ay are sets of replicative components, it is not true that 
A-> A for any A C A*: in general, A— A’, A’ AA. 

However, it is possible that for A” = A U s,; s; © A* — A the relation 
A" + A” already holds. The sets having this property A —> A are in 
some sense compact (1.e., with respect to replication). 


Definition seven 


The set A, C A*, Ay — A, is called a replicative compartment. Repli- 
cation, according to the present definition, is a logical relationship 
between objects and the processes producing these objects. This con- 
fronts the more conventional view that sees replication as character- 
ized by differential equations of a certain “autocatalytic” type. The 
basis of the latter view is that reality is “well ordered”: immediate 
causes are sufficient for the characterization of systems. The central 
dogma of system theory is that the immediate cause of the behavior 
and modification of objects is the presence or given state of other ob- 
jects, and that this can be actually expressed in descriptions. These 
descriptions, however, often do not answer whys but only hows. The 
kind of replication, which means positive constants in the main diago- 
nal of the matrix of some first-order ordinary differential equation, 
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is considered by us as trivial, and we focus on the logical aspect in- 
stead of this kinetical one (for a discussion, see Kampis and Csanyi 
1986b). 

Going back to functions of the type A > A, it is important to note 
that a precise, exact deterministic replication is only a special case. 
Replication with probability one is therefore called identical replica- 
tion to distinguish it from the more general form. 

With the aid of the concepts of replication and replicative compart- 
ments, we are now ready to interpret the Auto Genetic System Pre- 
cursor (AGSP), which is the smallest A* that appears in the sequence 
of systems. 


Information 


Omitting here the questions of the informational characterization of 
autogenesis (see Kampis 1986a, 1986b), we mention only that infor- 
mation concepts are tools for the rapid, qualitative characterization 
of systems; they express the observer’s knowledge about the system 
in some condensed form. However, information can act within sys- 
tems at the same time (a clear example is the existence of informa- 
tion-transferring and processing systems, the behavior of which is 
influenced by information). 

Information generally is conceived through a pattern of system 
states or of state changes. In our analysis, however, it is impossible 
to express the information content of functional systems in this way, 
although in these systems there is a manifestation of “something” that 
should be called information in order to preserve any meaning for the 
word (Kampis 1986b). 

We find information not in the state patterns of systems but in their 
transformations; more exactly we find it in the interrelatedness of 
transformations and components. 

One should distinguish here information-in-the-system from infor- 
mation-of-the-observer (see Kampis 1986b). The first was called ref- 
erential and the latter nonreferential information (figure 24). Refer- 
ential information (Infl) has a reference in and for the system, and 
nonreferential information (Inf2) is essentially the concept that is 
usually called information content. It must be noted that we can 
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Inf 1 


———___, 


Inf 2 


— 


Figure 24 


speak of the former only through the latter (for details, see Kampis 
1986a, 1986b). 

More precisely, it is Inf] of figure 24 that so far has been called 
function. Now by the informational characterization of the system we 
mean the information content (Inf2) related to functions, expressed 
according to some measures. From now on we shall speak about this 
information. 

The information measures presented below serve as aids to a natu- 
ral interpretation of autogenesis. To this end, unlike in the main text 
of this book, we shall not concern ourselves with structural descrip- 
tions of components here since we can speak about purely transfor- 
mational descriptions in simpler terms. 

When examining the effects of functions we took the zero-system 
as a base. It is therefore convenient to think that the zero-system 
also bears some information, determined by the fixed parameters 
of the system—by S and F—and by M,. This is called parametric 
information. 


Definition eight 


Let M, be the system state. The parametric information that belongs 
to component s; € M, is 


Ip =f (j,i, M:)logf(j,i,M,) where 5; € S; 
J 
and the parametric information belonging to M, is 


Ip = >) Ff (7,i, Mr) log f(j, 1,1); Sj E M,, Sj ease 


ve, 
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Summation is understood for those i and j indices, to which F/ does 
not apply. Here and later log means a logarithm on any base. 

In the zero-system, F; is empty, and thus the information in fact 
characterizes the initial system. In the following we shall use /p as 
determined at a general time f, 1.e., already taking Fy; into account. 

Let us agree that f;,(j,i,M,) should mean the following: 


fate _fr,(j,i,M,) if F; is nonempty 
Fiy\J, 1, Mr) (0 if F; is empty. 


Functional and replicative information is defined in the following 


way. 


Definition nine 
The functional information content of component s; € Fj in M, is 
Ty = >) SF ,(i,1,Mr) logs s,(j,i,Mr) 
ey 
+> f(r, P.M; )\logf(r,P,M,); ss; © My; sere 
Bier 


Summation is understood for those P-s and r-s which do not appear 
in f,,. Functional information belonging to M, is 


La > DS re (7, i, Mi) log fre(j,i,Mr) 
ae 
+ >) > f(r,P,M,)logf(r, P, M:); 5, E M,, 5j ES 
Py 


(P and r as above). 
We can express the quantity of information belonging to replicative 
functions in a similar way. 


Definition ten 


The replicative information content of component s; € F; in M, is 


I, = Sf 5 (L, i,M1) log fs, (1, i,M1) 


i 


+ Sf (l,P,M,)log f(l,P,M:); 5; © Mr. 
in 
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The replicative information of M, is 


I, i > FAs (As, i,M,) log f4,(A3, 1,M,) 
i 


+ S'f(As,i,Mr) log f(A3,i,M:); si © Mr, 
P 
(P is as in definition two), and 


f(A3,i,M,) = > f(j,i,Mz). 
JEA3 

To sum up verbally, in functional and replicative information, the 
probabilities of local transformations are considered as a “pattern,” 
the average information content of which is determined by the clas- 
sical Shannon formula. The expression for this information contains 
both the functional and nonfunctional production of the respective 
components and component sets. 

Definitions two and three express that selection or choice is a prop- 
erty of function and replication, and it characterizes this selection. In 
the zero-system where Fy is empty, both /; and /, are zero, as can be 
checked immediately. Considering /p, the parametric information, as 
the initial information of the history (autogenesis) of the system, the 
information generated in this process is expressible as AJ = J; — J,. In 
the zero-system A/ = 0, but in a system where F; = M, we can see 
that AJ = Tf! 

I, is maximal if A; = Fy = M, and 


>. fu, (Mi, i,M,) = 1; 
iEM, 


> fu, (i,i,Mr) = 0 
ieM, 
for all s; © M,. 

It can be seen by substitution that in this case J; is also maximal, 
and Jp becomes zero. With this, we have shown the following: In a 
system that replicates itself identically, (1) parametric information is 
zero; (2) replicative information content is maximal; (3) functional 
information content is maximal; and (4) the whole information con- 
tent of the system is generated as original, i.e., it equals the informa- 
tion gain A/. 
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Autogenesis 


In autogenesis the processes that take place in the zero-system lead to 
the development of aGsps, functional components appear (the open 
functional network of the system becomes the driving force of fur- 
ther changes) ; replicative information content and with it functional 
information content increase; replicative compartments are formed; 
and eventually the system gets into the state of identical replication 
described by a closed functional network. Because of this, there is no 
way for further evolution caused by internal factors. That is: 


Definition eleven 


Autogenesis is a sequence of systems, or more precisely, of system 
transformations F, F!, F?, ..., F/,...., F*, ... # SuGnmaGeuly 
F belongs to the zero-system; (2) M,, which belongs to F’, contains 
an AGSP; (3) M,, which belongs to F*, contains replicative compart- 
ment(s) different from the aGsp; and (4) M,, which belongs to Fas 
identically replicative. 

Autogenesis comes along with the sequential changes of system 
identity and with the generation of replicative and functional infor- 
mation. We have devised a computer simulation model of this autoge- 
netic process that can show the phases and phenomena outlined here 
(Kampis and Csanyi 1987b). 
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